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FOREWORD 

This  r epor t  w a s  prepared by Aerotherm Corporation under NASA Manned 
Spacecraf t  Contract NAS9-9494. The con t r ac t  per iod  of performance w a s  from 
22 May 1969 through 22 May 1970. The r epor t  is published i n  t w o  pa r t s :  

P a r t  I: Executive SUmmary 

Part 11: Application t o  Apollo 

A number of computer code use r ' s  manuals w e r e  a l s o  prepared and published as 
separa te  r epor t s  (see References 1 0  through 12). 

The sp'onsor of t h e  program w a s  t h e  Thermal Pro tec t ion  Section, Struc- 
t u re s  and Mechanics Division, Manned Spacecraf t  Center,  Nat ional  Aeronautics 
and Space Administration, Houston, Texas. Mr. Donald M. Curry and M i s s  Emily 
W. Stephens w e r e  t h e  NASA/MSC t echn ica l  monitors. 

The Aerotherm program manager and p r i n c i p a l  i nves t iga to r  w a s  M r .  Eugene 
P. Bartlett.  
t h e  program, the major cont r ibu t ions  w e r e  made by t h e  following p r o j e c t  

While a number of people contr ibuted d i r e c t l y  and i n d i r e c t l y  t o  

engineers:  

Inv i sc id  Flow Fie ld  S tudies  

H e a t  Transfer  Correlat ion8 

Inc ident  Radiation Studies  

Coking Model 

Surface Ablation M o d e l  

Apollo F l i g h t  Predic t ions  

- M. J. Abbett 

- E. P. Bart le t t  and M. 'J. Abbett 

- W. E. Nicolet 

- C. 3. Moyer and M. J. Abbett 
- _. . - E. P. B a r t l e t t  

- M. J. Abbett and E. P. B a r t l e t t  



ABSTRACT 

Procedures for the thermal design of a reentry vehicle heat shield are 
developed and applied to Apollo flight data. 
agree well with measured in-depth thermocouple response, in-depth. material den- 
sity profiles, surface recession and char penetration, and convective heating 
rates. The major advances in heat-shield prediction technology which are ac- 
complished and used in the flight predictions are: 

For the most part, predictions 

1. 

2. 

3. 

4. 

5;  

Nonsimilar boundary layer solutions are generated for Apollo at 
incidence based on the three-dimensional axisymmetric analogy which 
agree well with wind-tunnel convective heating data 

Nonsimilar chemically-reacting boundary-layer solutions including 
transition to turbulent flow, with and without material ablation, 
are generated for Apollo at incidence 

Simple and accurate correlations of stagnation-point heat- and mass- 
transfer coefficients including the effects of mass transfer and 
chemical reactions are developed and shown to apply to positions 
around the body for turbulent as well.as laminar boundary layers 

A simple and apparently accurate in-depth coking and surface thermo- 
chemical ablation model is developed %or the Apollo heat-shield 
material 

Apollo calorimeter and thermocouple- data are used to develop a 
set of transitional heating criteria based on momentum thickness 
Reynolds number and normalized mass-transfer rate. 

. .  

In addition, an independent calculation of radiation heating rates is made which 
compares favorably with flight radiometer measurements, and numerical experiments 
were initiated to attempt to extend a three-dimensional inviscid flow field pro- 
gram to Apollo at incidence. 

iii 
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Y v e l o c i t y  gradient ;  a l s o ,  f a c t o r  employed i n  t h e  d e f i n i t i o n  of $31 (see Eq. ( 1 7 ) )  

r 
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e 

nonadiabat ic  r a d i a t i o n  cooling loss parameter def ined i n  
Figure 27 

shock standoff  d is  tapce 

thickness  of node i n  coking a n a l y s i s  

surface emittance 
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OB 

h 

SUPERSCRIPTS 

* 

SUBSCRIPTS 

AD 

b 

C 

e 

ntum thickness? a l s o  t i m e  

angle l o c a l  body normal makes with t h e  f r e e  stream veloc i ty  
vector  

meridional angle r e l a t i v e  t o  geometric center of Apollo a f t  
hea t  s h i e l d  (see Figure 8) 

parameter used t o  c o r r e l a t e  heat- t ransfer  
cor rec t ion  da ta  given by Eq. (31) 

parameter used t o  c o r r e l a t e  mass-transfer 
co r rec t ion  data given by Eq. (29.) 

c o e f f i c i e n t  blowing 

c o e f f i c i e n t  blowing . .  

v i scos i ty  

transformed streamwise coordinate (see Reference 9) 

dens i ty  

parameter used t o  c o r r e l a t e  mass-transfer c o e f f i c i e n t  blowing 
cor rec t ion  da ta  defined by Eq. (27 )  

s i g n i f i e s  t h a t  quant i ty  is normalized by .u* 

r e f e r s  to ad iaba t i c  shock layer  ca l cu la t ion  

r e f e r s  t o .base  state f o r  
and d i f f u s i v e  terms 

r e f e r s  t o  

r e f e r s  t o  

char 

boundary- lqyer  

r e f e r s  t o  

r e f e r s  to 

r e f e r s  t o  

dividing t h e  energy f l u x  i n t o  convective 

edge 

pyro lys i s  gas 

it’ or  jth molecular spec ies ,  respec t ive ly  

kth element 
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xefers to nth nodal point 

0 ’ refers to zero mass addition value 

refers to conditions jus t  behind the bow shock i n  Section 4; 
refers to zero-incidence stagnation point elsewhere 

stag refers to  actual ( f l i g h t )  stagnation point 

W refers to w a l l  value 

a 

02 

refers to angle-of-attack case 

refers to free-stream conditions ahead of the shock 
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SECTION 1 

INTRODUCTION AND SUMMARY 

A number of the earlier Apollo orbital and superorbital unmanned reentry 
flights were well instrumented with pressure sensors, radiometers, calorimeters, 
char sensors, and in-depth thermocouples. In additiop, rather extensive labo- 
ratory investigations have been conducted for representative samples (cores) of 
flight-tested heat-shield ablation material (e-g., Refs. 2 through 4). The pur- 
pose of the present investigation is to employ sophisticated analytical tools 
developed previously5 ' 6  and attempt to rationalize these data in order to assess 
the adequacy of the analytical procedures, and to improve their reliability for 
use on future panned reentry studies. On the basis of these studies, a specific 
heat-shield design procedure is recommended. 

The basic design tool is a one-dimensional in-depth -heat conduction code 

Major inputs to this program include tables of normalized ablation 
(CMA) which pernits surface ablation and in-depth depolymerization and coking 
events.7 
rates obtained from a surface thermochemical ablation program (EST) based on the 
analysis presented in RefFrence 8, and correlations of chemically-reacting lami- 
nar and turbulent nonsimilar boundary layer solutions obtained with the BLIMP 

9 program. 
minor modifications which were made during the present contract, is presented 
in Appendix A. 

respectively, 

A brief summary of these three codes, including a summary of several 

Current user's manuals are contained in References 10 through 12, 

Studies of the inviscid flow field about Apollo at angle of attack are 
presented in Reference 13 and summarized in Section 2. 
wind-tunnel pressure distribution data has been obtained for zero angle of attack 
using a time-asymptotic solution procedure"; however, it was found that further 
work is required to obtain useful .solutions at angle of attack for body shapes of 
the Apollo class. 
sive, they were well beyond the scope of the present effort. Therefore, it is 
still necessary to rely on wind-tunnel pressure distribution data. Procedures 
are also described in Section 2 for obtaining approximate streamline spreading 
information for use in three-dimensional boundary-layer solutions using the axi- 
symmetric analogy. 

Nominal agreement with 

While these modifications are straightforward and not exten- 



ating correlations are presented in Section 3, Agree- 
ment of boundary-layer solutions with wind-tunnei convective heating data is 
excellent, A correction for extending the results of wind-tunnel tests to flight 
conditions is presented which is usually small for laminar flow; an increase in 
convective heating by a factor of 3 to 5 is seen to be appropriate for turbulent 
flow. A comprehensive set of stagnation-point blowing corrections for heat- and 
mass-transfer coefficients (including chemical-reaction eff.ects appropriate to 
the Apollo ablation material) is presented and shown to be represented quite 
accurately with simple analytical formulas. Corrections to these blowing correc- 
tions for positions around the body are presented which are small for turbulent 
as well as laminar flow except in the toroidal region. . .  

Solutions are presented for radiation heating in the stagnation region 
which agree quite well with radiometer data and recent predictions by NASA/MSC 
personnel15. These results are described in Section 4. 

The models employed for surface thermochemical ablation and in-depth py- 
The material response is rolysis and coking events are discussed in Section 5. 

divided into three regimes based on surface temperature. At low surface tem- 
peratures, pyrolysis takes place to form a carbonaceous char and a pyrolysis 
gas which is considered to be frozen (containing excess carbon); the surface is 
not permitted to recede. 
mitted to coke in accordance with a simple relation that the pyrolysis gas car- 
bon content is a function of temperature; surface recession is permitted con- 
sistent with coking and reactive pyrolysis gas effiects. ,‘At high temperatures, 
the pyrolysis gas is considered to be in equilibrium with the char such that in- 
depth char erosion can take place; the corresponding surface recession model is 
tantamount to that of carbon ablation including pyrolysis gas effects . Material 
thermal properties are based on laboratory tests of post-flight material samples 
te.g., Ref. 3). These data are validated by a series of driver-temperature cal- 
culations. 

At intermediate temperatures the pyrolysis gas,is per- 

- - - - -  - - . I_ - - - - .  

The Apollo flight predictions are presented in Section 6. Body locations 
considered include the stagnation region, a position on the leeward side of the 
aft heat shield* in the pitch plane (yields turbulent flow), a position around 
the toroid on the conical afterbody on the windward side (flow still attached, 
but barely), and a position on the leeward side of the aft heat shield substan- 
tially off the pitch plane. Flights AS 501 and AS 502 (superorbital) and AS 202 
(orbital) were considered. Predictions of surface recession, char penetration, - 
In accordqnce with Apollo terminology, the aft heat shield is .the blunt front 
face of the vehicle. 



in-depth temperatures, char densities and (to the extent available) heating 
rates were typically satisfactory indicating that heating rates (including the 
lowing corrections) , pressure distributions, material properties , ablation 

model, and coking model are all adequate or at least compensating. It is sig- 
nificant that the reported solutions were all first attempts w i t h  the exception 
of two cases where transition to turbulent flow occurs. Here the solutions were 
purposefully run laminar and the results were examined in order to develop pre- 
liminary transition criteria inclusing mass-transfer effects. The results here 
are also very encouraging. 

The recommended design procedure is  presented in Section 7. Recommenda- 
tions for further analysis and program refinements are presented in Section 8. 
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SECTION 2 

INVISCID FLOW FIELD STUDIES 

In order to theoretically predict ' heating and ablation rates about Apollo 
and related configurations, it is necessary t o  account for the convective heat 
transfer resulting from a highly three-dimensional boundary layer. This, in 
turn, requires knowledge of certain characteristics of the three-dimensional 
ilnriscid flow field. 
bution about the vehicle. It is also desirable to know at least the shock shape 
ami surface streamlines if the full inviscid flow field cannot 'be obtained. 

- 

As a minimum it is necessary to know the pressure distri- 

' 

Given only the pressure distribution (including the location of the stagnation 
pbht) , a boundary-layer edge condition can be computed' by an isentropic expan: 
si- and a boundary-layer solution can be generated using a planar'or axisymmet- 
ric f l o w  assumption. Given also the shock shape, a nonisentropic expansion can 
be considered by performing a simple balance between the mass passing through 
the shock-and the mass entering the boundary layer. Given the surface stream- 
line pattern, the boundary-layer solution can be improved to include three- 
dimensional streamline djvergence effects through w e  of the axisymmetric anal- 
0gP.y 

The Apollo configuration consists of three basic components: 

1. The aft heat shield, which is a segFnt of a sphere 

2, The conical afterbody 

3. The toroidal section which connects the aft heat shield with the, 
af terbody . 

A sketch of the Apollo command module w i t h  full-scale dimensions is presented 
in Figure 1. 

* 
whear boundary-layer crossflaw effects are small (valid near the pitch plane 

from the stagnation point), the three-dimensional boundary layer equa- 
t h n s  reduce to a form analogous to the axisymmetric-case except that the 
mebcic coefficient for the streamline spreading replaces the axisymmetric 
r e a l  coordinate. Thus, given the streamline divergence, the boundary layer 
sobt ion along the pitch plane can be obtained by a straightforward axisym- 
metric boundary layer solution, 
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On the 
attached over 
cal af terbody 

HEAT SHIELD. 
SECTIONS 

I 
R=77 

+AFT! CREW I I - -c 
* .  . -  

Figure 1. Apollo Command Module Sketch 

aft heat shield the boundary layer is always attached. It stays 
a portion of the windward side past the toroid and onto the coni- 
for angles 

is highly separated over 

An accurate treatment of 

of attack greater than 20' or so. However, the flow 
the remainder of the conical. afterbody (see sketch). 

Attached 

the flow field about Apollo would require a coupled 
viscid-inviscid fully three-dimensional analysis including separated flow con- 
siderations. 
art. It is still useful, however, to obtain flow field solutions over the aft 
heat shield, if possible, in order to provide accurate streamline information 
and entropy distributions. Furthermore, a three-dimensional inviscid flow field 
solution is necessary if a three-dimensional boundary layer solution is to be 
performed. 

Such a solution procedure.is well beyond the current state of the . - 

A t  the time that the Apollo program was initiated, there was no capability 
in the country to predict the flow field over the Apollo aft heat shield at angle 
Of attack. 
rectly to flight trajectories in the form of pressure ratio factors (see Ref. 16). 
AS Apollo flight data became available, direct comparisons have been made between 
flight and wind-tunnel pressure data (e.g., Ref. 17). Agreement has been good . 

Therefore, wind-tunnel pressure data were generated and applied di- 
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over the aft heat shield. 
cal afterbody have generally beeq lower than predictions based on the wind-tunnel 
data, While this disagreement could be associated with experimental difficulties, 
it may also be the result of viscous interaction effectg produced by the massive 
injection of pyrolysis gases and/or real gas effects, neither of which were ex- 
perienced in the wind-tunnel tests. 

However, pressures measured in flight over the coni- 

During the past few years there has been substantial progress in the 
ability to predict three-dimensional inviscid flow fields about simple bodies 
at angle of attack. 
due principally to its extreme bluntness and its negative-ihcidence conical 
afterbody, there has been encouraging progress here as well. In particular, 
solutions have been reported for the spherical portion of the aft heat shield 
of Apollo at angle of attack using an inverse program!* for the blunt-body por- 
tion of an- Apollo-like body at angle of attack using a time-dependent solution 
procedure’’, and for very blunt ellipsoidal noses at zero incidence2’ using a 
second time-dependent technique which has also been extended to angle of attack 

14 and’ coupled to a supersonic af terbody program 
present study, a small effort was made to obtain inviscid flow-field solutions 
about Apollo at angle of attack in order to provide improved boundary-layer edge 
information for the aft heat shield calculation.. 

While the Apollo shape does present special difficulties, 

. Therefore, as part of the 

W i t h  regard to the prediction of pressure distributions over the conical 
af terbody , this, as mentioned previously, is not possible with present-day com- 
putational techniques. Therefore, an empirical approach must be used there. 
Fortunately; this is not serious because the heating rates are low over the con- 
ical afterbody. Also,  the flight measurements, if they can be believed, indicate 
that the wind-tunnel pressure data are conservative. In fact, with the flight 
pressure data now available, one could correct the pressure distribution factors 
to agree with the flight data if desired. 

.I 

Unfortunately, the inviscid flow field numerical studies could not be 
completed within the limited scope: however, the results of the study are most 
encouraging. These results are described in detail in Reference 13 and are sum- 
marized below in Section 2.1. At the present time, therefore, it is still neces- 
sary for Apollo shape vehicles to rely upon direct use of wind-tunnel pressure 
data (or flight data when available). Furthermore, in the absence of inviscid 
flow-field solutions, it is necessary to estimate streamline spreading by the 
use of approximate analytical procedures.* 
in the present study is described in Section 2 .2 .  

The approach which has been employed 

fOilexperiments are unlikely to yield a- sufficiently accurate description 
of the inviscid streamlines. 
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2-1 NUMERICAL STUDIES OF APOLLO INVISCID FLOW FIELD 

A brief evaluation of existing three-dimensional blunt body computer 
codes was made, keeping in mind that no significant code development was in- 
cluded within the scope of this contract. 
are three candidate codes: an inverse solution procedure described in Reference 
18, and two codes which obtain the solution to the steady flow field as the 
asymptotic limit of an unsteady flow l4 19. 
codes are summarized in more detail in Reference 13. Briefly, it was concluded 
that the code described in Reference 19 is too inaccurate (within present com- 
puter storage and speed restrictions) and that the inverse procedure of Refer- 
ence 18 offers no possibility of obtaining satisfactory solutions around the 
toroid and, in addition, is operationally not suited for design studies. On 

14 the other hand, it was concluded that the code developed at GASL for Sandia 
has the potential for obtaining satisfactory solutions at acceptable cost for 
the flow about Apollo at incidence providing some minor code modifications 
successfully remove certain probable sources of numerical difficulties. 

The results of this study showed there 

The characteristics of these three 

. .  

As mentioned, the GASL/Sandia code employs a time-dependent solution pro- 
cedure in which the steady solution is obtained as the time asymptotic limit of 
an unsteady flow. For computational purposes, the flow-field is divided into 
three regions: the bow shock, the body surface, and the interior of the flow. 
In -e interior, the solution in time is obtained by an accurate, explicit, 
second-order finite difference procedure. The bow shock.wave is treated numeri- 
cally as a sharp discontinuity, in contradistinction to'the more common (and 
less accurate) shock smearing procedures. At the body and shock, a method of 
characteristics procedure is used. 

The computational problems which were anticipated are the result of: 

1. _- -. 

4 

2. 

Mesh size restrictions. 
section of the Apollo capsule, it was anticipated that a finite ai€- 

Because of the high curvature on the toroidal 

ference grid more dense than is typically used with the code would be 
required; hence, it was necessary to determine whether 'or not cur- 
rently available core storage on a Univac 1108 would be sufficient 
and whether corresponding computational times would be acceptable. 

Extrapolations of certain boundaries. In 'the solution procedure, in 
advancing the solution from one time step to another, the solution 
at certain "outer boundary" points is obtained by linear extrapola- 
t ion  from interior points (see sketch). 
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+Solutions at these points 
obtained by linear extrapolation. 

Apollo at incidence - Computational Grid in Pitch Plane 

Since the extrapolation is done in the region near the toroid, it 
was expected that the large changes in flow variables there would 
probably result in some computational difficulty. 

3. Shock and body points in the supersonic region, The solution proce- 
dure used at the shock and body points tends to become unstable when 
the flow is appreciably supersonic. With most geometries, this is 
not a problem because the part of the computational domain where the 
flow is supersonic can be restricted in size and in maximum Mach 
number, However, due to the concentrated expansion around the to- 
roid, fairly large regions with Mach numbers appreciably greater 
than unity were eQected to lead to some instabilities, thus requir- 
ing remedial action. 

The results of the evaluation, which are fully reported in Reference 13., are: 

-Mesh size. A computational mesh about twice that normally sufficient 
for more moderately blunted configurations is required. This probably 
results in requiring a computer with core storage on the order of 100- 
130K words (e.g., CDC 6600 or the use of drum storage on Univac 1108). 
Corresponding computing times would be on the order of 1/2-1 hour on 
a CDC 6600 and at least twice as long on an 1108. 

Extrapolations. 
did cause numerical trouble. However, it appears that these diffi- 
culties can be overcome w i t h  relatively simple code modifications. 

As anticipated, extrapolations at the outer boundary 

Shock and body points. 
but not insurmountable. 
significantly modified by replacing one momenta equation and the 

Here the problems are a little more serious 
The current solution procedure needs to be . 
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equation relating pressure and normal velocity component with two 
compatability equations along b icharacteristics 
are straightforward, they require major code modifications that were 
beyond the present scope. 

While these changes 

One of the important results of the effort was to determine with confi- 
dence that the computational procedure is powerful enough to obtain accurate 
solutions for Apollo flow fields at acceptable cost, This conclusion was 
reached by examining solutions obtained at zero incidence, as shown, for example 
in Figure 2. There the excellent agreement between theory and experiment at 
Mach 10 shows that the basic computational procedure is certainly adequate for 
obtaining flow field solutions about Apollo. (The theoretical solution was ob- 
tained in about 1 minute on the Univac 1108 computer.) However, comparable re- 
sults at high incidence cannot be obtained without the changes .to the computer 
code mentioned above. Additional theoretical results at zero incidence and com- 
puter code modifications necessary to obtain comparable results at-incidence are 
discussed in detail in Reference 13. 

2.2 ._  AXISYMMETRIC ANALOGY 

2.2.1 Analysis 

In 1955 Eichelbrenner and Oudart noted that when the boundary layer cross 
-flow is small (velocities and crosswise gradients), the boundary layer equations 

* reduce to a form analogous to the axisymmetric flow equations. 21'22 In order to 
illustrate this, consider the three-dimensional boundary layer equations for 
steady compressible flow of a perfect gas with constant specific'heats and con- 
stant Prandtl number (see, for example, Eqs. (1) through (5) of Reference 21). 
Let us consider curvilinear coordinates (s,z,y) where y is the surface normal 
direction and s and z are taken to be the projections of the external stream- 
lines on to the surface and their orthogonal trajectories in the surface, re- - . 

spectively. These coordinates are assigned velocity components (u,w,v) and 
metric coefficients (hl,h2,1) where an element of length within the boundary 
layer dR is given by 

dR2 = hid"+ hid$+ dy2 

Neglecting those terms containing FrOSSflOW velocity or crosswise gradients, 
the three-dimensional boundary-layer equations reduce to 
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+ - - = -  Peuue I a 
hl as Pr (3 )  

where p is the density, p is the viscosity, Pr is the Prandtl number, h is the 
enthalpy defined by 

h = CPT ( 5 )  

where Cp is the specific heat at constant pressure and T is the temperature, 
and the subscript e refers to the boundary-layer edge. 

Defining the length scale hl to be unity, it is apparent that the three- 
dimensional small crossflow boundary-layer equations (Eqs. (2)-(4)) are iden- 
tical to the axisymmetric boundary-layer equations with h2 replacing the local 
body radius ro of axisymmetric flow theory. 
it is recognized that for axisymmetric flow (l/ro) (aro/as) is nothing more than 
a measure of the rate at which the inviscid edge streamlines diverge as is 
(l/h2) (8h2/as) for the more general case. 
proximation holds,it is possible to obtain the solution of a three-dimensional 
problem by solving an analogous axisymmetric problem. 

This is not too surprising when 

Thus, when the small crossflow ap- 

In order to solve these analogous equations, it is necessary to obtain 
the spreading factor h2 from a solution of the inviscid flow field. The most 
appealing way to do this would be to solve the three-dimensional steady Euler 
equations exactly. However, as discussed in the previous section, it is pres- 
ently not possible to obtain solutions satisfactory for this purpose. 
available computer codes for obtaining three-dimensional flow fields are only 
partially successful in obtaining pressure distributions on Apollo conf igura- 
tions, and it is much more difficult to obtain the local streamline divergence. 
In lieu of such a rigorous solution procedure, it was decided to limit detailed 
attention to the pitch plane - where the approximate method of Hearne et a1 
is applicable.* This approach employs thin-shock-layer and Newtonian-crossflow 
pressure-distribution approximations to obtain the pitch-plane streamline diver- 
gence. In the vicinity of the stagnation point, this approximation is certain 

.The best 

23 

*Itjudged that no reliable methods exist for estimating h2 for positions 
off the pitch plane. Furthermore, the small crossflow approximation becomes 
less valid at positions off the pitch plane (crossflow is identically zero in 
the pitch plane). Therefore, detailed consideration. of positions off the 
pitch plane are not practical without three-dimensional +inviscid solutions and. 
may not be satisfactory without three-dimensional boundary-layer solutions. 

- -.-- 
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t o  be i n v a l i d ,  and a semi-empir ical-correlat ion approach is use& -to ob ta in  the  
divergence. , Brief ly ,  with the  thin-shock-layer and small-crossfRm approxima- 
t i ons ,  t h e  Euler equat ions i n  orthogonal s t reamline coordinates  are given by* 

where H is t h e  t o t a l  enthalpy, p is t h e  pressure,  K i s  the  curvafxxe, and t h e  
o the r  parameters are as defined previously.  
s u r e  is given by 

Assuming t h a t  t h e  crossf low pres- 

.. 
. where OB is t h e  angle  t h e  l o c a l  sur face  normal makes with t h e  f r e e  s t r e a m  veloc- 

i t i t y  vec to r ,  and not ing  t h a t  h2 - z near the  p i t c h  plane,  where z is  t h e  rec- 
tanguiar  coordinate  measured normal t o  the  p i t c h  plane,  leads to a second order  
ordinary l i n e a r  d i f f e r e n t i a l  equat ion f o r  t he  va r i ab le  h2 

where 
Using the empir ica l ly  determined pitch-plane pressure  d i s t r i b u t i o n  and stagna- 
t i o n  p o i n t  l oca t ion  and an i n i t i a l  condi t ion t o  be discussed b e l o w ,  this equa- 
t i o n  can be in t eg ra t ed  t o  obta in  t h e  v a r i a t i o n  of h2 with t h e  streamwise 
coordinate  s. 

Rc is the  su r face  radius  of curvature  and p, . is  t h e  t o t a l  pressure.  

In order  t o  perform t h i s  i n t e g r a t i o n  it is necessary t o  know t h e  behavior 
of h as s + 0 f o r  pse as an i n i t i a l  condition. I n  Reference 23 t h i s  is done 
by obta in ing  the  s o l u t i o n  of Equation (11) f o r  s m a l l ' s ,  y i e ld ing  

2 

* 
See Reference 23 for details. 
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i 3  Y /Y 
i - s  

2 'stag Sstag 

are the  crosswise and pitch-plane s tagnat ion-point  ve- where Yzstag and Ysstag 
l o c i t y  grad ien ts .  With t h i s  d e f i n i t i o n ,  it can be shown t h a t  t h e  streamwise 
pressure g rad ien t  parameter a t  t he  s tagnat ion  

I 
'stag = l+i 

Now i = 0 and Bstas = 1.0 f o r  two-dimensional 

p o i n t  Bstag is given by 

(13) 

flow and i = 1.0 and Bstas = 1/2 
for axisymmetric flow; hence, Equation (12)  is c o r r e c t  i n  these  'two l i m i t i n g  
cases. However, f o r  va lues  of 0 < i < 1, Equation (12) is s i n g u l a r  a t  t h e  s tag-  
nat ion p o i n t  due t o  t h e  f a c t  t h a t  t h e  approximations employed i n  the  development 
of Equation (11) break down the re  and t h a t  t he  s m a l l  crossflow approximation 
i t s e l f  f a i l s  a t  the  s tagnat ion  point .  Another problem with t h e  direct use of 
Equation (12)  a t  t he  s tagnat ion  p o i n t  is t h a t  no s tandard approximate t h e o r i e s ,  
including Newtonian, w i l l  y i e l d  accurate enough r e s u l t s  f o r  y and y 

2s t a g  ss t a g  

of t h e  s tagnat ion  po in t  
. In order  t o  ob ta in  the  appropr ia te  value of i f o r  use as an i n i t i a l  con- 

d i t i o n  i n  a given problem and f o r  ca l cu la t ing  t h e  value 
, use can be made of t he  fact  t h a t  t he  c o e f f i c i e n t s  of Equation (11) in-  's t ag  

volving pu2, p, etc. conta in  i m p l i c i t  information about t he  ve loc i ty  g rad ien t  
r a t i o  i. 
Equation (11) f o r  t h e  spec i f i ed  edge' condi t ions u n t i l  a s o l u t i o n  h 2 ( s )  i s  found 
which is v i r t u a l l y  independent of the value of so where t h e  i n t e g r a t i o n  is 
s t a r t ed .  This  approach would n o t  be expected t o  y i e l d  accura te  r e s u l t s  a t  t h e  
s tagnat ion  po in t  bu t  should be v a l i d  i n  the  v i c i n i t y  of t h e  s tagnat ion  p o i n t  
and a t  p o s i t i o n s  around t h e  body. 

Thus a s a t i s f a c t o r y  value of i can be found by i t e r a t i v e  s o l u t i o n  of 

- _._ .- 
2-2.2 Resul ts  

Solut ions t o  Equation (11) are shown i n  Table 1 f o r  t h e  leeward p i t c h  
plane of a subscale  Apollo a t  33O angle-of-attack. 
i n  the  form of the  spreading f a c t o r  h2 ( s )  normalized by t h e  value a t  s t a t i o n  
number 10 (m = lo).* Resul ts  are shown f o r  i of 0.500, 0 .400,  and 0.345 f o r  

The s o l u t i o n s  are presented 

0 .  

.- 
The spreading f a c t o r  can be normalized i n  any manner des i r ed  s i n c e  it i s  t h e  
rate of change of t h e  spreading f a c t o r ,  and no t  i t s  scale, t h a t  i s  important 
i n  t h e  boundary l a y e r ' s o l u t i o n .  
normalized h2) obtained from t h e  present  subscale  Apollo caacula t ions  a r e  di-  
r e c t l y  appl icable  f o r  use i n  f u l l - s c a l e  Apollo boundary-layer ca l cu la t ions  f o r  
corresponding values  of s/R. Selec t ion  of t h e  h 2 ( s )  a t  m = IQ f o r  t h e  normal- 
- izing parameter w a s  made a r b i t r a r i l y  and f o r  convenience i n  comparing t h e  re- 
s u l t s  f o r  d i f f e r e n t  va lues  of i and d i f f e r e n t  i n i t i a l  s t a t i o n s .  

For t h i s  same reason, t h e  values  of h2 (or  

13 
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so lu t ions  s t a r t i n g  a t  s t a t i o n s  mo of 2 and 
se l ec t ed  as b e s t  s i n c e  t h e  spreading f a c t o r s  h 2 ( s )  are almost i d e n t i c a l  f o r  

. mo of 2 and 4.  What t h i s  r e a l l y  means is t h a t  h2 - s 0e345 between 0.005 f e e t  
(m = 2)  and 0.020 feet  (m = 41 .  The adequacy of t h i s  approach is es t ab l i shed  
i n  Sect ion 3.1 where p red ic t ions  of hea t - t ransfer  d i s t r i b u t i o n s  using these  
r e s u l t s  are shown to  compare very w e l l  wi th  wind-tunnel da ta .  

a The va lue  of i = 0.345 is 

Solu t ions  w e r e  obtained f o r  t h e  windward and leeward sides of subscale 
ApollO a t  angles  of a t t a c k  of 25 and 33'. 
above process  are presented  i n  Figure 3. Curves have.been f a i r e d  through these  
so lu t ions  ex t r apo la t ing  t o  the  zero angle-of-attack case where i = 1.0 (axisym- 
metric f low).  
po in t  i s  more near ly  axisymmetric on t h e  leeward s i d e  than on t h e  windward side 
(i.e., t h e . i  i s  closer t o  un i ty ) .  The r e s u l t i n g  values  of the . spreading  f a c t o r  
for these  four  cases are shown as funct ions $f d i s t ance  from t h e  s tagnat ion  
point  i n  Figure 4. I t  should be noted t h a t  t h e  spreading f a c t o r  approaches a 
cons tan t  on the  windward s i d e  (i.e., p lanar  flow) as the  t o r o i d  is .approached. 

The va lues  of i obtained by t h e  

It can be seen t h a t  t h e  flow i n  t h e  v i c i n i t y  of t h e  ' s tagnat ion 

2.3 I SUMMARY OF INVISCID FLOW FIELD STUDIES 

A survey of e x i s t i n g  three-dimensional flow f i e l d  computer codes w a s  made 
and t h e  GASL/Sandia code14 w a s  selected as being t h e  only one s u i t a b l e  f o r  ax- 

. t ens ion  t o  Apollo appl ica t ion .  Solut ions were obtained f o r  zero angle of a t tack,  
b u t  it w a s  determined t h a t  program modifications beyond the  scope of t h e  present  
e f f o r t  would be required t o  obta in  s a t i s f a c t o r y  so lu t ions  a t  l a r g e  angles  of 
a t t ack ,  
f a c t o r  curves  developed by NASA/MSC on the  b a s i s  of wind tunnel  and f l i g h t  data 
w e r e  judged to  y i e l d  t h e  best d a t a  f o r  pred id t ing  h e a t  s h i e l d  pressure  d i s t r i -  
but ions  on t h e  Apollo a t  incidence. 

I n  the  absence of a reliable exac t  i n v i s c i d  so lu t ion ,  t h e  pressure  

I n  addi t ion ,  a method is descr ibed by which approximate three-dimensional 
boundary-layer so lu t ions  can be obtained i n  t h e  v i c i n i t y  of t h e  p i t c h  plane us- 
i n g  the BLIMP nonsimilar axisymmetric boundary-layer code through the  use of t he  
axisymmetric analogy. 
An approximate method developed by Hearne e t  a123 is  employed for obta in ing  t h i s  
information i n  the v i c i n i t y  of t h e  p i t c h  plane. Br ie f ly ,  i n  t h e  v i c i n i t y  of the  
p i t c h  plane,  t h e  pressure  grad ien t  normal t o  t h e  p i t c h  plane is assumed given by 
Newtonian theory. 
with variable c o e f f i c i e n t s  is  obtained f o r  t h e  s t reamline spreading. Boundary- 
l aye r  s o l u t i o n s  have been obtained, using t h i s  procedure, which agree w e l l  with 
wind-tunnel convective heat ing data f o r  Apollo a t  incidence. 
be descr ibed i n  Sec t ion  3.1. 
program t o  permit use  of t h e  axisymmetric analogy are summarized i n  Appendix A. 

This r equ i r e s  a measure of t h e  l o c a l  s t reamline spreading. 

Then a l i n e a r  ordinary second order  d i f f e r e n t i a l  equat ion 

These r e s u l t s  w i l l  
The r e l a t i v e l y  minor changes requi red  i n  t h e  BLIMP 
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SECTION 3 

CONVECTIVE HEATING STUDIES 

There are three basic procedures for representing convective heating 
rates to a 

1. 

2. 

3. 

- -  
reentry vehicle. 

Use of simple integral or self-similar procedures or correlations 
obtained therefrom 

Use of correlations of chemically-reacting, nonsimilar boundary- 
layer solutions 

Use of a computer code whicfi couples the chemically-reacting, non- 
shilar boundary layer to the charring ablation response. 

The first approach is the one which has been typically used in the past. 
coupled procedure (the third approach) has been developed 6'24 but is too costly 
for incorporation into a heat-shield design procedure. The second procedure 
has the simplicity and economy of the first method, but approaches the accuracy 
of the third method. 

A 

It is this approach which is employed in the present 
'effort . 

The 
into three 

1. 

2; 

3. 

.. 

calculation of heat- and rnass-transfer rates is conveniently divided 
steps . 
Nonablating stagnation-point boundary-layer solutions 

Nonablating nonsimilar laminar and turbulent boundary-layer solutions 
about the vehicle normalized by the stagnation-point values 

Ablating stagnation-point and nonsimilar laminar and turbulent 
boundary-layer solutions about the vehicle normalized by the local 
nonablating values. 

Solutions have been generated with the BLIMP code described in References 9 and 
12 and summarized in Appendix A. 
in all of these calculations. 
the axisymmetric analogy discussed in Section 2.2. 
program are also presented in Appendix A. 
tions are presented and correlated in Sections 3.2 and 3.3, respectively. A 
summary of the recommended procedure for utilizing these correlations in heat- 
shiteld design studies is presented in Section 3.4.' First, however, BLIMP 

Unequal diffusion coefficients were considered 
The BLIMP program was modified to accommodate 

The modifications to the 
The nonablation and ablation solu- 
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utions for convective heat-transfer rates are compared to wind-tunnel data 
in Section 3.1. 

3.1 WIND-TUNNEL CORRELATIONS 

A series of boundary-layer solutions was generated using the BLIMP pro- 
gram for representative wind-tunnel test conditions in order to validate the 
ability of BLIMP to predict convective heating rates about Apollo at angle of 
attack. The wind-tunnel tests and solutions were performed for a 0.045 scale 
model of Apollo (see Figure 1). 
and for 25O and 3 3 O  angles of attack. The solutions are based on wind-tunnel 
pressure distributions; the remaining boundary-layer edge properties . .  were ob- 
tained by an isentropic expansion. 
pressure gradient parameter 6)  and the isentropic expansion calculation are 
performed as a part of the BLIMP calculation. 

Solutions were generated for zero incidence 

A curve fit of pressure data (to obtain the 

3.1.1 Results for Zero Incidence 

The case of zero incidence provides a good base to verify the ability 
of the BLIMP code to predict convective heating about Apollo-like configura- 
tions.' In this case, the flow is axisymmetric and the dependence of the radial 
coordinate r with distance, s, from the stagnation point is known precisely. 
However, this is not to say that one can expect perfect agreement. In the first 
place, there is a rather significant scatter in pressure distribution data as 
shown in Figure 2. The heat transfer depends not only on the pressure level, 
but also on the derivative of pressure through the pressure gradient parameter, 
8 .  The situation is particularly acute in the toroidal region where curvature 
is high and expansion 1s rapid. Secondly, one cannot expect good agreemnt be- 
tween theory and experiment in the vicinity of and beyond the point of maximum 
radius due to separation (S/R = 1.08, S = 0.312 feet for 0.045 scale - see Fig- 
ure 1). 

The wind-tunnel test chosen for correlation was conducted in the JPL 
21-inch HWT at nominal Mach 9 and high Reynolds number and waszeported in Ref- 
erence 25. 
ratio and spreading factor (for this problem, the local body radius) are pre- 
sented in Table 2. The resulting values of 8 and heat-transfer rates calculated 
by BLIMP are also presented in Table 2. 
'the vicinity of S = 0.30 feet are somewhat irregular. This is due to a combina- 
tion of inaccuracies in pressure itself and in the curve-fitting process. The 
predicted and experimental heat-transfer rates are compared in Figure 5. Pre- 
dictions reported in Reference 25 based on Lees analyses are'also presented in 
Figure 5. 

The stations considered and the corresponding values of pressure 

It can be seen that the values of f3 in 

Considering the experimental scatter of the pressure and heat- 

.. -. 
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EXPERIMENTAL DATA, JPL'21-INCH HWT (REF. 25) 

PREDICTIONS 
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PRESSURE DISTRIBUTION 
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DISTRIBUTION 
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Figure 5 .  Comparison of BLIMP Convective Heating' 
Predictions with Wind Tunnel T e s t  Results 
for Apollo a t  Zero Incidence 
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t r a n s f e r  data, the  agreement between the BLIMP s o l u t i o n  and experiment i s  con- 
dered s a t i s f a c t o r y ,  

3 . 1 - 2  R e s u l t s  f o r  Angle of Attack 

Boundary-layer so lu t ions  w e r e  also generated with t h e  BLIMP program for 
the pitch-plane ray of Apollo a t  angles  of a t t a c k  of 2Pand  33O f o r  comparison 
with AEDC wind-tunnel convective hea t ing  da ta  25 2 6 .  
for assumed planar  f l o w ,  f o r  assumed axisymmetric flow and f o r  approximate three- 
dimensional flow using t h e  axisymmetric analogy discussed i n  Sect ion 2 . 2 .  The 
streamwise sta-tions t h a t  w e r e  employed i n  t h e  ca l cu la t ions  toge ther  with pres- 
sure d i s t r i b u t i o n s  and spreading f a c t o r s  are presented i n  Tables 3 and 4 for the  
2 5  and 33O cases, respec t ive ly .  The spreading f a c t o r s  are u n i t y ' f o r  planar  flow 
(i.e., no spreading) ,  are taken as t h e  d is tance  t o  t h e  sur face  from a l i n e  in- 
t e r s e c t i n g  t h e  f l i g h t  s tagnat ion  po in t  and normal t o  the  su r face  a t  the  f l i g h t  
s tagnat ion  po in t  f o r  axisymmetric f l o w ,  and are taken d i r e c t l y  from the  r e s u l t s  
presented i n  Section 2 . 2 . 2  f o r  three-dimensional flow.* 

Solut ions w e r e  generated 

The pressure g rad ien t  parameter 8 f o r  the windward s i d e  25' angle of 
a t t ack  case i s  shown i n  T a b l e  5 .  The values of 8 are seen t o  scale roughly 
with t h e  s tagnat ion p o i n t  values,  namely = 1.000 f o r  p l ana r  flow, 0.500 for 
axisymmetric flow and 0 . 7 1 4  f o r  3-D flow (see Eq. (1311, The smoothness of the  
S(s) curve is typ ica l  of t h a t  obtained f o r  a l l  four  cases, t h e  i r r e g u l a r i t i e s  
again being t h e  r e s u l t  of inaccuracies  i n  the pressure  d e r i v a t i v e  obtained by 
curve f i t t i n g  experimental pressure data. 

The predicted and experimental' convective heat ing rates are compared i n  
Figures 6 and 7 f o r  t h e  25' and 33' angle-of-attack cases, respec t ive ly .  The 
boundary-layer so lu t ions  w e r e  i n i t i a t e d  a t  the  s tagnat ion  po in t ,  of course,  and 
proceeded i n  the  leeward and windward d i r ec t ions  independently. It can be seen 
that the stagnation-point so lu t ions  obtained from t h e  windward and leeward solu-  
t i ons  do no t  agree. Furthermore, t h e r e  is erratic behavior i n  the near v i c i n i t y  
of the  s tagnat ion  poin t . .  This would be expected f o r  anything s h o r t  of a f u l l  
three-dimensional theory s i n c e  the  axisymmetric analogy breaks down there .  A 

smooth curve connecting t h e  windward and leeward so lu t ions  has  been drawn through 
the s tagnat ion  region f o r  the  axisymmetric analogy case. 

The axisymmetric theory overpredic t s  and t h e  two-dimensional theory under- 
p red ic t s  t h e  l o c a l  hea t ing  r a t e s .** '  The devia t ion  between the two so lu t ions  is 
typ ica l ly  35 percent  over the  " a f t  hea t  sh i e ld"  and i n  t h e  v i c i n i t y  of t h e  toro id ,  

*As mentioned previously,  t he  toundary-layer so lu t ion  is independent of t h e  
scale of t h e  spreading f ac to r .  

This w a s  a l s o  observed i n  References 25 and 2 6 .  
** 
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TABLE 3 

PRESSURE DISTRIBUTION AND SPREADING FACTORS 
ABOUT APOLLO AT 25' INCIDENCE 

S" 
feet 

. 000 
a 0 0 5  
a 0 1 0  
0015 
a 020 
a 025 
030 

= 035 
a 040 
* 045 . 050 
055 

a 060 
0065 
a 070 
* 075 . 080 
a 085 
a 0 3 0  
a 095 
a 100 
a 105 
a110 
0115 
a 120 
a 125 
a 130 
e 135 
a 140 
a 150 
I. 160 
a 1 7 0  

p/p, 
2 

1 .o.ooo 
09997 
a 998 7 
a9Y70. 
a 9 9 4 4  
o 9905 
a 9850 
a9770 , 

a 9 6 8 0  
a 9580 
09410 
a9160 
08820 
oHL60 
* 7560 
*608U 
a5840 
484 0 
03740 
03510 
-1280 . 
a 0850 

* =Ob40 
0490 
00410 
* 0360 
a0330 . 
a0310 
a0300 . 029s 
-0290 

W 0  

(a) Windward Side 

Spreading Factors - 
Axisymmetric 

*0000 
0050 

.OlOO 
a 0 1 5 0  
a0200 
024Y 
0297 
a0347 
a 0396 
0445 
0495 
0544 
0593 
0640 
0687 
00730 
-0770 
0806 
0638 
0664 
0884 
0896 . 06% 
0898 

* 0898 
0898 

* 0898 
0898 . 0896 . 0898 

a 0 8 Y B  
0898 

3-D Analogy 

a0000 . 1201 
a 1587 
e 1866 
e 2087 
a2271 
a 2426 
o 2558 
a 2674 
a 2 776 
2867 

a 2946 
a 30 13 
a3070 
03121 
03168 
a 3209 . 3247 
e3281 
03312 . 3339 
e 3364 
a 3388 
03413 
a 3438 
a 3465 
a 3493 
3524 

a 3556 
0 3627 
03708 
e3798 

Planar 

1 .oooo 
1 a 0000 
1 a0000 
1 a0000 
1 = Q O O O  
1.0000 
1 a 0000 
1.0000 
la0000 
1 a 0000 
1 a 0000 
1.0000 
1 a 0000 
1 a 0000 
1 .0000 
1.0000 
1.0000 
1 e 0000 

. l  a0000 
1 0000 
.la0000 
1.0000 
1 a 0000 

. la0000 
1 a O O O O .  
1 a0000 
1 0000 
1 a 0000 
1 a0000 
1 a 0000 
1.0000 
la0000 

* 
R = 0.288 feet, see Figure 1 (0.045 scale) 
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TABLE 3 (CONCLUDED) 

(h) Leeward Side 

S* 
feet  

. 000 
0 0 0 4  
* 008 
0012 
e016 . 02%. 

030 
035 

e 040 
060 
080 

* 0120 
* 160 . 200 
240 
0280 
32n 

0360 
-400 
* 420 

. 0430- 
0440 
0450 
0 455 
0460 
0 44s 
e470 
e475 
0480 . 485 
e 4 9 0  

. a25 

P/P, 
2 

1. 0000 
09999 
-9996 
999 1 . 9983 
a9970 . 9943 
e9914 

09851 

09560 
926 0 
08890 
08470 
e 7 Y 7 0  
7390 

- 6 8 0 0  
.6i90 

- .s550 
85230 
051 10 

04720 
04620 
04490 
e4390 
04260 
*4120 
3940 
-3730 
03360 ’ 

m a 3  , 

- 89720 

.4a80 

Spre 
A x i  symme tr i c  

.oooo 
0040 

* 0080 
00120 
0 160 . 0200 
0250 . 0300 

* 0350 
a 0399 
* 0595 
* 0793 
01182 
e 1575 
* lW3 
,2350 
02733 
-3100 
3460 
-3806 
03975 
04050 
e4130 
04210 
*4&0 
4,286 
04323 
04362 
04400 
04435 
a 4460 . 4463 

Sing Factors 
3-D Analogy 

.0000 . 
e 0364 
* 0552 
00704 
0832 
0940 

* 1053 
* 1149 
e 1236. 
* 1317 
01607 
1&69 
02357 
02823 
* 3272 

. 03703 
. 04114 

04505 
. 04877 

05229 
05397 
05480 

. 05561 
05640 

’ 05679 
05718 
0 5 756 
05794 
05831 
05868 
,5903 . 5938 

Planar 

1.0000 
I. 0000 
1.0000 
1.0000 
1. 0000 

. 1.0000 
1. 0000 
i .0000 
1.0000 
1 .oooo 
1. 0000 
1.0000 
1.0000 
1. 0000 
1 .oooo 
1. 0000 
1.0000 
1. 0000 
1 .oooo 
1 .oooo 
1.0000 
1.0000 
.1. 0000 
1.0000 
1.0000 
1.0000 
1. 0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

* 
R = 0.288 f ee t ,  see Figure 1 (0,045 scale) 
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TABLE 4 

Sf 

feet 

e000 
e 005 
eo10 
*015 

020 
e 025 
e 030 
e 035 
e 040 

. 0045 
e 050 
e 055 
e 060 
e 065 
e070 
e 075 
0080 
e 085 
e O Y 0  
e 095 
e 100 
e105 
0110 
e115 
e 120 

130 
e 140 
e210 
e 3 1 0  
e410 
e510 

PRESSURE DISTRIBUTION AND SPREADING FACTORS 
ABOUT APOLLO AT 33' INCIDENCE 

(a) Windward Side 

1eoooo 
e 9986 
e 9945 
e9876 
e9780 
e9600 
-9250 
6330 

* 7290 
e 6 1 8 0  
e4950 

3620 
e 2550 
e 1780 
e 1200 
*0800 
e 0535 
o 0405 
e0390 
e 0450 
e0540 
e 0595 
00610 
e 059s 
e 0560 
e 0540 
e 0535 
.os00 

0400 
e0300 
00200 

Spreading Factors 
Axisymmetric 

* O O O O  
eOO4.9 

0095 
e0142 
e0188 
e 0231 

0274 
e0314 
00351 
e 0384 

0 4 0 Y  
* 0424 
0 0427 
0 0427 

0427 
* 0427 

-0427 
e 0427 
e 0427 

0427 
-0427 

0427 
e 0427 
* 0427 
e 0427 

0427 
0427 

e 0427 
0427 

0 0427 

*eo427 

3-D Analogy 

.0000 
e 3752 
e 4277 
e4613 
e 4864 
e 5063 
e 5226 
05356 
e 5459 
e 5545 
e 5620 
e 5684 
05741 
e5792 
e5838 
e5881 
e592.1 
e 5949 
05949 
e 5949 
o 5949 
.5949 
e5949 
05949 
e5949 
e 5949 
e 5949 
e5949 
05949 ' 
e 5949 

- ,5949 

. _  Planar 

1 e 0000 
1 e 0000 
1.0000 
1e0000 
1.0000 
1e0000 
1*0000 
~e0000 
1*0000 
1 e0000 
1 ~ 0 0 0 0  
1 e 0000 
1 eoooo 
l e 0 0 0 0  
1 e 0000 
1e0000 
1 e0000 
1.0000 
lrOOOO 
1 e0000 
le0000 
I e0000 
1.0000 
1 e 0000 
1 e 0000 
1 e o o o o  
1 e 0000 
1 e o o o o  - .1e0000 
1e0000 
1*0000 

* 
R = 0.288 feet, see Figure'l (0.045 scale) 
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TABLE 4 (CONCLUDED) 

(b) , Leeward Side 

S* 

feet 

0 0 0 0  
005 

0010 
0 020 
0 030 

040 
060 

.O80 
0 120 
0 160 
0200 
0 250 
0300 
0 350 
0400 
0450 
0500  
0505 
031 0 
o s 1 5  
520 

0 52s 
0530 
0 535 
0540 
0 545 
0550 
0 555 
0 560 

P/P, 
2 

l o  0000 
0 9997 
09987 
0 9950 
0 9887 
0 9 8 0 0 .  
09610 
09400 
08900 
-8340 
07790 
07080 
06360 
05660 
0 4Y4O 
04220 
03500  
0 3420 
-3300 - 3240 
0 3050 
02800 
02430 
0 1V30 

a 01zso 
0 0670 
00370 
00200 
0090 

S p r e a d i n s  F a c t o r s  
Ax i symmetr  ic 

00000 
0 0050 
00100 
00200 
00300 
0 0400 
0 0600 
00800 
0 1180 
0 1560 
0 1940 
02410 
02870 

3380 
0 3 160 
04200 
04610 
04650 
04690 
-4770 
04800 
e 4840 
04880 
*4*lO 
0 4940 
-4970 
05000 
-5020 
05050 

3-D Analogy 

0 0000 
0 1608 
02052 

03024 
a 3360 
0 3927 
0 4423 
05303 
06097 
0 6840 
07716 
08543 
0 9325 

100740 
101366 
1 e 1425 
1 e 1484 
1 e 1542 
1.1598 
1 0 1654 
101706 
1 1755 
1 0 1798 
10 1834 
11 1864 
1 0 1809 
101909 

.2620 

i0005a 

-~ 

P l a n a r  

1.0000 
1.0000 
1 0  0000 
10 0000 
10 0000 
1.0000 
1.0000 
100000 
10 0000 
100000 
1.0000 
1.0000 
100000 
100000 
1 0  0000 
1.0000 
1.0000 
1.0000 
10 0000 
1.0000 
i 0 0000 
10 0000 
l o  0000 
10 0000 
1.0000 

. 1.0000 
100000 . 
1.0000 
100000 

* 
R = 0.288 feet, see F i g u r e  1 (0.045 s c a l e )  
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TABLE 5 

STREAMWISE PRESSURE GRADIENT PARAMETER DISTRIBUTION 
ABOUT WINDWARD SIDE OF APOLLO AT 25O INCIDENCE 

S treamwi se 
Distance,s 

f t* 

. 000 
a 005 
a010 

- .  0015 
* 020 
a025 
030 
035 

e 040-  
045 . 050 

a OS5 
060 

a 065 
m 070 
a 075 . OB0 . 06s- 
a 090 
a 095 
a 100 
mlU5 
a110 
a115 
a 120 
a 125 
e 130 
a 135 
a 140 . 1% 
a 160 
,170 

Streamwise Pressure Gradient 

Axisymetric 

.. 

.so0 

.so0 

.5lO 
e513 
e561 . 595 
0 656 
b32 

a 535 
0660 . 645 
0505 
o Y 3 1  
1.096 
1.152 
1.071 
1.083 
1 302 
1 a 645 
2 696 
3.064 
1.505 
1.217 
1.452 
1 094 
,641 
a615 
a 4 1  1 
172 

' 0052 
064 

- a  044 

Parameter, f3 

3-D Analogy 

e714 
a 715 
a 124 
0.735 
a003 
* t14B 
a933 
.YO& 
a 77 1 
a 9S7 
1.237 
1 a 3 2 8  
La372 . 
lea13 . 
1 696 
1.570. 

, 1.582 
lea97 
2.391 
3.906 ' 

4.436 
2.163 
Ii.700 
1.989 
1 465 
1.102 

a 788 
0516 
021 1 
060 
0072 

0.047 

Planar 

1 a 000 
1.001 
1.013 
1.027 ' 

10117 
1 169 
1 a 270 
1.222 
1 026 
1.263 
1.619 
1.719 
1.751 
2.030 
2.109 
1 a932 
1ay33 
2.307 
2.903 
4.745 
5.41 1 
2.657 
2.115 
2.487 
1.851 
1 a409 
1.020 
a677 
m.28 1 
e 083 
e102 . 

9.069 

* 
R = 0.288 feet, see Figure 1 (0.045 scale) 
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ut tends to vanish on the conical afterbody. The axisymmetric analogy solu- 
tions show remarkably good agreement except for a couple of data points in the 
vicinity of the toroid for the 25O angle-of-attack case. It should be noted 
here that while the results are presented in normalized form, the same normaliz- 
ing parameter is used for predictions and data; thus, &e agreement shown in 
Figures 6 and 7 is for absolute values of heating rates, not just heating-rate 
distributions. 

NASA/MSC has employed "convective heating factors" to obtain convective 
heating rates at various positions on the Apollo heat shield27. These factors 
based on wind-tunnel heating data, are normalized by &e convective heating at 
a position E/R = 0.9875. 
of attack are presented in Figure 8. The curves h = 90' and h = 270° refer to 
the windward and leeward sides of the heat shield, respectively. 
ate values of X refer to off-the-pitch plane. rays. The BLIk pitch plane pre- 
dictions for 25O angle of attack are also shown in Figure 8. These were cor- 
rected for the different normalizing parameter by use of Figure 9 which was 
taken directly from the NASA/MSC convective heating factors for several angles 
of attack . 

The NASA/MSC convective heating factors for 25O angle 

The intermedi- 

~ 

27 

The NASA/MSC convective heating factors are based on a composite of all 
available wind-tunnel data. Thus, if the wind tunnel data considered in Figure 
6 are representative, one would expect the agreement of theory and experiment 

specific tests considered in Figure 6. 
agreement is excellent.over most of the body, and the BLIMP prediction is a few 
percent high in the windward toroidal region (in the vicinity of' peak heating) 
and low at the beginning of the conical afterbody on the windward side, 
only discrepancy seems to be back on the conical afterbody on the windward side 
(E/R = 1.4) where the BLIMP prediction is high in the present comparison while 
it agreed very well when compared directly with data (Fig. 6). The BLIMP solu- 
tion and wind-tunnel data both asymptote to a convective heating factor of 0.070, 
while the NASA/MSC curve approaches 0.045, 

been modified to account for the lower pressures measured in flight on the coni- 
cal afterbody (see Section 2.0). 

'to be the same for the EfASA/MSC convective heatlng factors as it was for the 
For the most part this is the case. The 

The 

. 

Perhaps.the NASA/MSC factors have 

In conclusion, the comparison between BLIMP predictions and wind-tunnel 
,pitch-plane convective-heating data is for the most part excellent. This can 
be interpreted two ways. 
quality of the wind-tunnel test results and thus the NASA/MSC convective heating 
factors, which are based on wind-tunnel data. Secondly, it shows that the BLIMP 
program, which has full chemistry capabilities, can be used as a tool to calcu- 
late pitch plane distributions for Apollo at flight conditions. 

First, it: represents an independent validation of the 

These BLIMP 
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Figure 8 .  Comparison of BLIMP Predictions for Wind-Turinel 
T e s t  Conditions w i t h  NASA/MSC Convective Heating 
Factors for Apollo a t  25O Angle of Attack 
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solutions can then be used to correct the convective heating factors €or flight 
conditions - directly for the pitch plane and by interpolation €or positions 
of€ the pitch plane. This study has been performed and is discussed in Sec- 
tion 3.2. 

3.2 CONVECTIVE HEATING FLIGHT PREDICTIONS 

Nonablating convective heat-transfer solutions considering unequal diffu- 
sion effects have been generated with the BLIMP chemically-reacting nonsimilar 
boundary-layer program (see Appendix A) and correlated for use in the Apollo 
flight predictions of Section 6.2. It has proven convenient to correlate the 
solutions in the following manner, 

1. Stagnation-point solutions 

2. 
. .  

Nonsimilar laminar boundary-layer solutions normalized by 
stagnation-point values 

Nonsimilar turbulent boundary-layer solutions normalized by 
local laminar values. 

3. 

The solutions and correlations are described in Sections 3.2-1 through 3.2.3, 
respectively. 

3-2.1 Stagnation Point- Boundary Layer 

A matrix of air boundary-layer solutions was generated to encompass the 

of 0.0001 to 1.0 atmosphere and total 
The results for a wall temperature 

range of f-light conditions typically encountered in orbital or superorbital 
manned reentry (stagnation pressures PT 
enthalpies HT from 26,000 to 1500 Btu/lb). 

2 
- 

Tw of 2000°R are presented in Figure 10 in the form of p,U,Ci /PT 4 where 
os 2 

peUeCho is defined by 

w i t h  the subscripts o and s referring to the nonablation case and the stagnation 
point, respectively. An effective nose radius of 13.0 feet was used in these 
calculations. The variation of peUeCi /PT* with P T ~  and HT is primarily due 
to chemistry effects. 
tion and ionization are also shown in Figure 10. 

os 2 
In order to, illustrate this, curves of percent dissocia- 

Solutions were also generated for wall temperatures of 500, 4000 and 
6000°R. The values of peUeC& 
Table 6. 
sures (which are needed to achieve high temperatures) takes the form 

ratioed to the 2000'R values are presented in 
OS A curve fit of these results, heavily weighted toward the higher pres- 
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WALL TEMPERATURE CORRECTION FOR NONABLATING 
STAGNATION-POINT HEAT-TRANSFER COEFFICIENT 

for 
Tota l  026000R 

Enthalpy, 
Btu/lb 

500 2000 4000 6000 

Tw (OR) of 2 

= 1.0. ATM 
pT2 

26,000 
.20 , 000 
16 , 000 
12 , 000 

8 , 000 
5,000 
3 , 000 
1,500 

-- -- -- 
1.006 
1.006 
1.004 
1.001 -- 

1. 000 

i .  

= 0.1 ATM 
pT2 

26 , 000 
20 , 000 
16 , 000 
12,000 

8,000 
5,000 . -  
3,000 
1,500 

0.989 
0.986 
0.989 
0.989 
0.994 
1.001 
i . o i i  
1.013 

. 0 .965 
0.960 
0.965 
0.962 
0.967 
0.977 
1:. 003 
1.042 

-- -- -- 
1 * 005 
1.006 
1.003 
1.001 -- 

1.000 

f 

0.989 
0.985 

.0.9%5 
.0.989 
0,994 

. 1.001 
1.016 
1.030 

0.959 
0.947 
0.945 
0.942 
0.941 
0.940 
0.956 
1.016 

= 0.01 ATM 
pT2 

26,000 -- 1.000 0.989 0.954 
0.984 0.937 
0.984 0.933 
0.989 0.932 
0.993 0,928 I 0.999 0.914 

20 ,000 -- 
16,000 -- 
12,000 1.004 

8,000 1.006 
5,000 . 1.001 

= 0.001 ATM 

26,000 -- 1.000 0.985 0.951 
0.983 0.934 
0,982 0.926 I 0.983 0.929 

20,000 -- 
16,000 -- 
12,000 -- 

= 0.0001 ATM 
pT* 

0.982 0.947 
20,000 -- 0.970 0.931 
26 , 000 

I 

-- 
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%S 

Os 
e- @ 200 O O R  t 1.001 + 0.0025 0.0015 (&I 

This yields the following results 

500 
1,000 
2,000 
3,000 
4,000 
5 ,000  
6,000 

1.005 
1.003 
1.000 
0.995 
0.987 
0.976 
0.962 

3.2.2 Laminar Nonsimilar Boundary Layer 

Laminar nonsimilar air boundary-layer solutions were generated for sev- 
eral representative flight conditions using the BLIMP program with the axisym- 
metric analogy. Solutions were generated for the leeward and windward pitch 
plane rays about Apollo at 25' angle of attack with a uniform wall temperature 
Of 2000OR. The resulting convective heat-transfer coefficients QeUeCho nor- 
malized by the zero-incidence stagnation-point values PeUeC~os are tabulated 
in Table 7 and presented graphically in Figure 11. 
cal wind-tunnel test conditions are also shown in Table 7 and Figure 11 for 
comparison. 
indistinguishable from each other but tend to be somewhat higher than the wind- 
tunnel results at positions far removed from the stagnation point.. The ratio 
of flight to wind-tunnel heat-transfer coefficients is presented in Figure 12 
for the 25' solutions and a 33' solution. It can be seen that the correction 
is less than about 5 percent on the aft heat shield but becomes 20 percent on 
the conical afterbody and 25 to 40 percent on the toroid. 

Results obtained for typi- 

It can be seen that the solutions at'flight conditions are nearly 

' 

Recalling from Section 3.1 that the wind-tunne2 .BLIMP'predictions agree 
we11 with experimental wind-tunnel data and, hence, the NASA/MSC conbective 

36 



2 

................................ 
. - i4Hdddd44ddd 

37 



-0 
Id 
E: 
b 
id 
c, 
m 
Q) u 
C 
Q) a .a u 
C 
H 

& 
Q) 
N 

b 

38 



2.0 

1.5 

in 
0 

-I 
V 

-I 
V 

1 . 0  
0 

0.5 

0 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4,  1.6 1 .8  2.0 

a. Windward Side 

in 
0 

-I 
0 

>c3 
-I 
0 

1.5 

1 .o  

0.5 

" 

0 0.2 0.4 0.6 * 0.8 1 .O 1 . 2  1.4 1.6 t .a 2.0 

b. Leeward Side 

Figure 11. Predicted Laminar Nonablating Heat-Transf er . 
Coefficient Around Apollo at 25O Angle of 
Attack 
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heat ing f a c t o r s ,  it can be concluded t h a t  these f a c t o r s  can be appl ied t o  f l i g h t  
provided they are co r rec t ed  using Figure 12. 

The laminar boundary-layer so lu t ions  a l s o  y i e l d  values  f o r  momentum thick-  
ness Reynolds numbers, R e  , which are usefu l  for e s t ab l i sh ing  boundary-layer 
t r a n s i t i o n  criteria. The R e  are presented i n  Figure 13 normalized by 5 
f o r  25' and 33' angles  of a t t ack ,  t o t a l  en tha lp i e s  of 5,000 t o  26,000 Btu/lb, 
and s tagnat ion  pressures  of 0.01 and 1.0 atm. The r e s u l t s  are seen t o  f a l l  i n t o  
a reasonably narrow band on the  windward and leeward sides. N o t e  t h a t  t h e  R e  

continues t o  increase i n  going around the  t o r o i d  on the  windward side even though 
t h e  boundary' layer i s  rap id ly  acce lera t ing .  
momentum thickness  8 increases  f a s t e r  than the  u n i t  Reynolds number decreases.  
This is demonstrated i n  T a b l e  8 f o r  t h e  windward ray ,  2 S 0 ,  20,000 'Btu/lb, 1.0 
atm case. 

00 
00 

80 

The reason f o r  t h i s  is t h a t  t h e  

. .  
3.2.3 Turbulent Nonsirnilar Boundary Layer 

Solut ions w e r e  a l s o  generated f o r  t he  a i r  laminar/turbulent boundary . 

layer around the-windward and leeward p i t ch  plane rays  of Apollo a t  25O i n c i -  
dence wi th  a uniform w a l l  temperature of 2000°R. Trans i t ion  t o  tu rbu len t  flow 
w a s  assumed t o  occur a t  an R e  

t i o n  pressure  of 1.0 atm with s tagnat ion  en tha lp i e s  of 20,000,  12 ,000 ,  and 5,000 
Btu/lb. The tu rbu len t  model which is  employed i n  t h e  BLIMP program is described 
i n  Reference 24  and s w a r i z e d  b r i e f l y  i n  Appendix A. I t  is b a s i c a l l y  an eddy 
v i s c o s i t y  approach wi th  t h e  mixing length obtained from t h e  so lu t ion  of an or- 
dinary d i f f e r e n t i a l  equat ion between the  wal l  and t h e  l o c a l  pos i t i on  i n  the  
boundary layer .  
to t he  e x t e n t  t h a t  t h e  f u l l y  tu rbu len t  t r anspor t  p rope r t i e s  are employed when 
the cr i t ical  R e  is exceeded; however, t he re  is a b r i e f  t r a n s i t i o n a l  per iod 
due t o  the nonsimilar e f f e c t  of t h e  upstream laminar boundary layer .  

of 200. Solut ions w e r e  generated f o r  a stagna- 8 0  

Trans i t i on  t o  tu rbu len t  flow is considered t o  be instantaneous 

0 0  

-Convective hea t - t ransfer  c o e f f i c i e n t s  peUeCio a r e  presented i n  Table 9 
ratioed by t h e  laminar s tagnat ion  p o i n t  values  peUeCkos. 
d i t i o n s  and assumed cr i t ical  R e  , t r a n s i t i o n  i s  seen t o  occur i n  the  t o r o i d a l  
region on t h e  windward side and . shor t ly  before  t h e  geometric cen te r  of t h e  a f t  
heat s h i e l d  on the leeward side. Of course, t r a n s i t i o n  would be delayed f o r  
reduced pressures  and higher critical Re and v i c e  versa.  

For these  f l i g h t  con- 

00 

8 0  

The normalized turbulen t  hea t - t ransfer  c o e f f i c i e n t s  tend t o  be f a i r l y  
independent of f l i g h t  condi t ions by two o r  t h r e e  s t a t i o n s  a f t e r  t r a n s i t i o n .  
Since the laminar hea t - t ransfer  c o e f f i c i e n t s  w e r e  a l s o  seen t o  be independent 
of f l i g h t  condi t ions (see T a b l e  71, it would s e e m  appropr ia te  t o  c o r r e l a t e  t he  
tu rbu len t  heat ing r e s u l t s  i n  terms of l o c a l  laminar values and t h e  d i s t ance  
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TABLE 9 

NONABLATING LAMINAR/crURBULENT HEAT-TRANSFER COEFFICIENT 

pT2 = loo ATM 
DISTRIBUTIONS ABOUT APOLLO AT 25' INCIDENCE: 

S/R* 

e 000 
e 035 
e 069 
e 104 
e139 
e173 
e208 
e 242 
e 260 
e 277 
e 294 
e312 
e 329 
e 346 
e 364 
e381 
e 398 
e415 
e 433 
e450 
e 468 
e485 
e519 
e 554 
e5dY 
~ 6 2 3  
e 686 
e 757 
e976 
1.194 
1 e621 
1.989 

(a) Windward Side 

Heat-Transf er Coefficient p U Ci 
Normalized by Zero-Incid&nge . .  

Stagnation Point Value" 

20,000 Btu/lb 

1.212 
1 e 242 
1 e265 
le351 
I e404 
1.462 

1.710 
1.608 

1 e 642 
le531 
1.397 
1,213 
e972 
e 59s 
- 4 1 1  
e 782 
e 744 
e680 
,b25 

e557 
e 534 
eSld 
e517 
e523 
e 534 
e 555 
e560 
e 533 
e478 
e330 

e bas 

.272 ' 

12,000 Btu/lb I 5 , O O O  Btu/lb 

lo207 
1 e236 
le261 
Ire347 
1 e 4 0 0  
1 e 4 6 0  
le610 
1.710 
f eb45. 
1 eS32 
1.396 
1eZlL 
e967 
e 593 
e 4 0 6  . 
e313 
e6SO 
e e45 
e61 1 
e579 
e 553 
e531 
e, 1s 
e513 
e5lY 
e531 
e 552 
e 558 
e531 
e477 
e391 
0 273 

1 e208 
1 e 237 
l e  262 
1e347 
1 e 399 
1 e459 
1 e604 
1 e697 

- 1 e626 
1.510 
3.955 
3 e 845 
3.111 

. 1.910 
. 1.347 

1 e 053 
e 839 
0715 
e 63s 
e 506 
e 552 
e527 
esotl- 
e506 
e512 

.e525 . 
e 548 
e 558 
e536 
e482 
e 396 
e 2 7 5  

* 
Transition indicated by horizontal line. 
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TABLE 9 (CONCLUDED) 

b) Leeward Side 

Heat-Transfer Coefficient peUeCEfo 
Normalized by Zero-Incidence 

Stagnation Point Value* 

.ooo 
069 
e138 
0208 
e277 
0415 
e 554 
e 692 
0830 
0 969 
le107 
10246 
1.384 
1.453 
10522 
1.591 
1 e 6 2 6  
1.661 
1 0678 
1.695 . 
1.703 
1.727 
l o  744 
1 e775 
1 805- 
1.814 

1.081 
. 1.184 

1 156 
1.0713 
lo031 
,927 
0 888 

2.841 
3.059 
3.164 
3.165 
3.111 
3.014 
2.951 
2.875 
2.781 
2.727 
2.646 
2rS40 
2 . b35 
2.285 
1.602 
1 180 . 729 
-406 
263 

1.075 
L e  180 
L.14Y 
1 e 06Y 
1.021 
eY18 
e 8 8 1  

2.791 
3,003 
30 093 
3.100 
3.059 
doY7O 
2.91 1 
L.B3Y 
2.749 
L . 699 
2.624 
2.518 
2.6lb 
dad72 
1.605 
l e l d 4  

0 732 
r387 

* 
Transition indicated by horizontal line. 

5,000 Btu/ lb  

1 076 
1.180 
1. 150 
le071 
1 e 022 
0919 

2.812 
3.073 
3.224 
39304 
3.320 
30293 
3.217 
34 161 
3. 089 
2.994 
2.936 . 
2 849 
2.738 . 
2.808 
2.409 
1.667 
1.219 

.. . 
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from the point of transition, The results are seen 
to collapse quite accurately into two curves, one for the leeward side with 
transition on the aft heat shield and one for the windward side with transition 

. in the toroidal region, While these results are encouraging, further solutions 
are needed to obtain wide applicability. Furthermore,. the turbulent model em- 
ployed in the BLIMP code had not been validated for hypersonic boundary layers 
prior to the present study (some degree of validation is established in the 
flight predictions presented in Section 6.2). 

This-is done in Figure 14, 

3.3 ’ MASS-TRANSFER CORRELATIONS 

been conducted to obtain correlations of unequal diffusion 
including effects of mass addition of chemically-active gases ap- 

propriate to Apollo heat-shield material ablation. 
taken is to correlate stagnation point blowing corrections 3or.a wide range of 
flight conditions, and then to obtain corrections to these blowing corrections 
for positions’away from the stagnation point for laminar and turbulent flow. . 
The stagnation-point correlations are presented in Section 3.3.1. * The laminar 
and turbulent corrections are then presented in Sections 3.3.2 and 3.3.3, 
respectively. 

The approach which has been 

3.3.1 Stagnation Point 

a. Background 

Heat-. and mass-transfer coefficient approaches have proven to be very 
useful for-correlating theoretical as well as experimental heat- and mass-trans- 
fer results for nonreacting boundary-layer flows. They also have been used with 
success to correlate the results of chemically-reacting air boundary-layer cal- 
culations. 
been applied extensively to flow situations involving chemically-reacting bound- 
ary layers over ablating bodies. 
has only been recently that boundary-layer solution procedures with general- 
chemistry and ablating-surface-boundary-condition capabilities such as BLIMP 
have become available. The recent advent of such codes might make further use 
of transfer-coefficient approaches seem unnecessary. However, they are still 
extremely useful as a basis for correlating boundary-layer solution data to 
avoid the necessity for coupling the boundary-layer procedure to a transient 
in-depth conduction procedure. 

Techniques which have worked well for these simplified flows have 

This approach was bred of necessity since it 

A transfer-coefficient approach for chemically active boundary layers 
over ablating surfaces including unequal diffusion effects was postulated in 
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Reference 28, This procedure was recently evaluated on the basis of solutions 
generated with the BLIMP chemically-reacting boundary-layer procedure 
There were two aspects of the transfer-coefficient approach which were of pri- 
mary concern. 
the Reference 28 approach, has to do with the ability of the procedure to assimi- 
late unequal-diffusion effects within the framework of a single mass-transfer 
coefficient without introducing unacceptably large errors. 
regard to the simplicity and generality with which the resulting heat- and mass- 
transfer coefficients can be correlated in terms of such parameters as non- 
ablating heat-transfer coefficients, Lewis number, and blowing corrections. 

29,30 

The first, not fundamentally required but. an integral part of 

The second was with 

Boundary-layer solutions were considered for steady-state ablation of 
graphite and a typical reinforced plastic under ballistic reentry conditions. 
In these calculations, the boundary layer was fully coupled wiith the ablative 
material response; the wall boundary condition ' satisfying the elemental mass 
balances, a steady-state energy balance, and surface equilibrium. Thus, the 
solutions were representative of a class of reentry problems that one might 
w a n t  to solve using the unequal-dif fusion f ilm-transport formulation. In addi- 
tion, boundary-layer solutions were considered for a variety of assigned injec- 
tion rate problems over a wide range of injectant molecular weight. 

. 

It was demonstrated in References 29 and 30 that the use of a single 
mass-transfer coefficient-is quite accurate for predicting such quantities as 

directly from boundary-layer solution data. 
relate the resulting transfer coefficients, the results were highly encouraging. 
A tentative approach was recommended which was believed to be a substantial 
improvement over previous practices, but it was recognized that a greater body 
of boundary-layer solution data would have to be considered before any final 

.ablation rates and-surface temperatures using transfer coefficients obtained 
With regard to the ability to cor- 

. 

aonclusions could be drawn. 
and correlated for Apollo material ablation over a wide range of flight condi- 
tions representative of orbital and superorbital reentry. 

In the present study solutions have been generated 
- .  

, 

The approach introduced in Reference 28 and investigated-in Reference 29 
* 

correlates diffusive mass fluxes, j G ,  in the following form 

.u 

where p U C is an elemental mass-transfer coefficient, Z i  is defined as 
= = M k  
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the subsc r ip t s  w and e r e f e r  t o  t h e  w a l l  and boundary l a y e r  edge, aki i s  the 
mass f r a c t i o n  of element k i n  spec ie s  i, Ki is the m a s s  f r a c t i o n  of s p e c i e s  i, 
Zi is def ined  by 

Fiis the "d i f fus ion  f a c t o r "  f o r  spec ie s  i obtained from a c o r r e l a t i o n  of b inary  
d i f fus ion  c o e f f i c i e n t s ,  aij, i n  accordance wi th  t h e  r e l a t i o n *  

aij C/F.F l j  (19 1 

F is a re ference  d i f f u s i o n  c o e f f i c i e n t ,  and y is  a weighting parameter which can 
be selected a r b i t r a r i l y .  

A primary purpose f o r  introducing the  2; p o t e n t i a l  w a s  t o  at tempt  t o  re- 
duce t h e  PeUeCMk to  a s i n g l e  peUeCM i n  unequal-diffusion s imi la r**  boundary- 
layer  problems through appropr ia te  choice of t he  y weighting parameter. A y 
of 0 corresponds t o  2,: = E, and would be expected t o  be appropr ia te  f o r  problems 
where convection dominates, while a value of y = 1 corresponds t o  Z$ = Zk and 
would be expected t o  be appropr ia te  when d i f f u s i v e  processes  dominate (e.g., 
Couette flow).  Based on analogy with the r e l a t i v e  magnitudes of conductive and 
convective terms i n  the energy equat ion,  a va lue  of y of 2/3 w a s  recommended i n  
Reference 28 f o r  boundary l aye r  f l o w s .  I t  w a s  demonstrated i n  References 29 and 
30 t h a t  a y of 2/3 w h i l e  no t  p r e c i s e  w a s  indeed appropr ia te  and t h a t  t h e  e r r o r s  
i n  such q u a n t i t i e s  as ab la t ion  rates and sur face  temperatures are neg l ig ib l e  if 
the  ind iv idua l  peuecMk are averaged on the  basis of the  abso lu te  va lues-of  t h e  
sums of t h e  3 s ~  divided by t h e  absolu te  values  of t h e  sums of t he  %$ dr iv ing  
p o t e n t i a l s  

.., 

- 
T h e  accuracy of t h i s  c o r r e l a t i o n  i n  represent ing  the  ind iv idua l  &i j  w a s  in- 
ves t iga t ed  i n  Reference 28 where it w a s  shown t o  be s a t i s f a c t o r y  as long as 
elastic c a l l i s i o n s  dominate the t r anspor t  processes.  

. I n  nonsimilar boundary-layer problems, t he  PeUeCMMk w i l l  d i f f e r  i n  genera l  
even f o r  assumed equal  d i f f u s i o n  c o e f f i c i e n t s  i f  there are more than two 
e f f e c t i v e  components, namely i f  t h e  elemental  composition of the  edge gas 
or i n j e c t e d  material v a r i e s  w i t h  s t r e a m w i s e  pos i t i on .  

** 
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A r e l a t i o n  f o r  expressing the surface convective hea t  f l u x  qw i n  t e r m s  
of PeUeCM, a hea t - t ransfer  coe f f i c i en t  peUeCH, and appropriate  dr iv ing  p o t e n t i a l s  
was also introduced i n  Reference 28 and evaluated i n  Reference 29.*  I n  par t icu-  
lar ,  it w a s  shown that i f  chemical reac t ions  are confined t o  t h e  w a l l  t h e  qw 
could l o g i c a l l y  be expressed as -- 

sw = 

w h e r e  Hr s the recovery enthalpy, hb 

(Z* 
'e i 

- Z t  )h .  
'w 'b 

(21) 

s t h e  gas enthalpy evaluated a t  a base 
temperature Tb which d iv ides  the energy f l u x  i n t o  convective and d i f fus ive  
terms, t h e  subscr ip t  fe  refers t o  a frozen edge state, and C 

s p e c i f i c  hea t  and enthalpy of species  i. The degree of success of t h i s  correla- 
t i o n  is  dependent upon whether simple and accurate  co r re l a t ions  f o r  peUeCH c a n .  
be found. For example, when Equation (21)  was o r i g i n a l l y  introduced, it w a s  
suggested f o r  lack of anything better t h a t  peUeCH might be r e l a t e d  t o  peU,CM 

through a Chilton-Colburn type r e l a t i o n  

and hi are t h e  
P i  

for chemically-reacting as w e l l  as frozen boundary layers ,  where L e  is a.system 
Lewis number defined i n  Reference 29, It w a s  seen i n  Reference 29 t h a t  Equation 
(21) is inaccurate  f o r  l a rge  mass-injection rates, e spec ia l ly  when chemical re- 
act ions take  place between in j ec t ed  species  and boundary-layer edge species.  One 
can, therefore ,  either devise  more elaborate co r re l a t ion  expressions than Equa- 
t i o n  (22) or seek an a l t e r n a t i v e  expression to  Equation (21) for  co r re l a t ing  
Surface hea t  f luxes.  For example, it w a s  shown i n  Reference 29 that  it might be 

7 
The qw as defined i n  t h i s  repor t  includes conduction and d i f fus ion  e f f e c t s  and 
does no t  include convection associated with m a s s  addi t ion i n t o  t h e  boundary 
layer  - it i s  the same as the  qa of Reference 9. 
so l id  and gas phase combustion effects; hence no "heat' of combustion" correc- 
t i o n  is needed. 

Furthermore, it includes 
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appropriate to define a heat-transfer coefficient (identified as peUeC; to dis- 
tinguish it from the peUeCH of Equation (21)) on the basis of an equilibrium 
enthalpy potential* 

qw = P,U,C;I(H, - hw) (23) 

where "Ie is the total enthalpy at the edge of the boundary layer and hw is the 
enthalpy of the gas mixture adjacent to the wall. Note that Equation (23) is 
a direct generalization of Equation (14) to include mass-transfer effects. The 
Apollo material studies conducted in the .present effort indeed suggest that 
Equation (23) is superior to Equation (21) for the present purpose. This will 
be demonstrated in Section 3.3.ld below. 

b. Boundary Layer Solutions 

A matrix of unequal diffusion BLIMP solutions was generated over a 
wide range. of flight conditions for the stagnation-point (zero 'incidence) bound- 
ary layer over ablating Apollo heat-shield material while satisfying surf ace 
equilibrium and a steady-state surface energy balance. Surface ablation rate . 
and surface temperature as well as convective heating rate are calculated dur- 
ing the course of the solution with this approach. 
cover the.range of HT of 26,000 to 5,000 Btu/lb and PT 
Various incident radiation heating rates were assigned in these problems: these 
fluxes were considered to pass unattenuated through the boundary layer but to 

* eral flight conditions for assigned surface temperatures and assigned pyrolysis 
gas rates.. Both moderate and high pyrolysis gas rates were considered. The 
composition of the pyrolysis gas was considered to be a function of surface tem- 
perature consistent with the coking model to be discussed in Section 5.1. Al- 
though energy balances were not satisfied in these latter solutions, a surface 
equilibrium requirement was retained; hence, char recession rates and convective 
heating rates were calculated during the course of these solutions as well. 
all, a total of 72 boundary-layer solutions was generated, and all of these have 
been considered in the heat- and mass-transfer correlations presented in the 
sections which follow. 

Flight conditions considered 
of 1.0 to 0.0001 atm. 

2 

'enter into the surface dnergy balance. Solutions were also generated for sev- 

In 

The basic boundary-layer solution results are presented in Tables 10a 
and 10b for the steady-state and high pyrolysis gas injection rate cases, re- 
spectively. 
of stagnation pressure, stagnation'enthalpy, and incident radiation flux, are 
the surface temperature, the diffusive heat flux to the wall qw, the char - 

Included in this tabulation, in addition to the flight conditions 

The use of an equilibrium potential for chemically-reacting boundary layers 
was suggested by Sparlding in Reference 31. 
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emoval rate icl the pyrolysis gas rate ni (equal to 1,125 Gc for steady-state 
ablation)", the wall gas enthalpy, the molecular weight of the gas at the wall 
, the ratio of wall to edge-gas molecular weight %/%le, and the Lewis number 

of the gas at the wall Lew raised to the 2/3 power. 

g 

. 

The transfer-coefficient results are presented in Tables lla and llb for 
the steady-state and high pyrolysis gas injection rate cases, respectively. 
Included in this tabulation are: 

e The nonablating heat-transfer coefficient peUeCbo, defined by Equa- 
tion (14) and obtained from interpolation of the results presented 
in Section 3.2.1. 

0 The mass-transfer coefficient peUeCM, defined implicitly by Equation 
(16) with y = 2/3 and with the individual peUeC~k averaged using 

. . Equation (2 0 1 

0 

e 

The heat-transfer coefficient peUeC;I, defined by Equation (23) 

The heat-transfer coefficient peUeCH, defined implicitly by Equation 
(21) with wall temperature selected to be 'the base temperature Tb 

The blowing parameter BA, defined by 0 

where & is tge total mass flux injected into the boundary layer 
I;ls + I;;c 

0 The thermodynamic blowing parameter B' defined by 

e 

0 

0 

A mass-transfer coefficient blowing correction peUeCM/peUeC;Io 

A heat-transfer coefficient blowing correction peUeCi/peUeCio 

A heat-transfer coefficient Lewis number correlation., 
PeuecM/PeuecH tLew) 2'3 

These mass- and heat-transfer coefficient results are discussed and correlated 
in the following two sections. 

- 
In steady-state ablation 18 lb/sec ft2 of pyrolysis gas are generated for every 
16 lb/sec ft2 of char recession consistent with the pyrolysis decomposition 
model that 34 lb of virgin material decomposes into 18 lb of pyrolysis gas and 
16 lb of char (see Section 5.1). 
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ass-Transfer Coeffizient Correlations 

Blowing correction curves are often expressed analytically in the 
form 

where 

Q Z 2XMB'C /C = 2AM&/peUeCMo 
Mo 

peUeC% is a nonablating mass-transfer coefficient, and A M  is a blowing reduc- 
tion parameter determined from experiments or boundary-layer solution data. It 
was demonstrated in Reference 29 that convenient and satisfactory results can be 
obtained with this relation with the further' simplification 

Pe'ecMo = P e e c' Ho 

The parameter XM for perfect correlation for the present boundary-layer solu- 
tions is presented in Figure 15 in terms of %/nk. 
through the data points which has the form 

(28) 
. I  

A single curve is drawn 

AM = 0.141(2) - 0.820(2)+ 1.861 ' (29) 

Application of this correlation yields the varkation of CM/C&, versus 
Bh = &/peUeCio shown in Figure 16. 
weight ratio %/m, has on increasing the blowing reduction for mass transfer. 

Note the effect that decreased molecular 

The accuracy of the mass-transfer coefficient correlation of Equations 

obtained from the correlation to those obtained from the boundary-layer 
(26) through (29) is demonstrated in Figure 17 which compares the values of 

CM/CA ? Solutions. Errors in CM/CA0 are seen to be typically less than two percent 
and usually less than one percent. 
stantially larger as cM/Cho approaches zero, but this is not serious since 
PeUeCM itself is becoming small (relative to peUeCho). 
eters such as B;, m,/mc, HT and Tw could probably be employed to~improve this 
Curve fit, the above correlation is sufficiently accurate that it has' been 
adopted for the present application. 

Of course, the errors in peUeCM become sub- 

While additional param- . .  
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d, Heat-Transfer Coeff ic ien t  Corre la t ions  
I 

As mentioned i n  Sect ion 3,3. la ,  there are a number of ways f o r  rep- 
r e sen t ing  t h e  sur face  convective heat f l u x  9,. 
s ide red  i n  t h e  p re sen t  e f f o r t ,  through t h e  peUeCH of Equation (21)  and t h e  
peUeC;I of Equation (23) .  

t i o n ,  CM/CHLeW2/' has  been presented i n  Table 11. 
parameter devia tes  considerably from un i ty  a t  t h e  higher blowing rates. 
t o  develop more accura te  c o r r e l a t i o n s  of peUeCH through CM/CH and CH/Cio m e t  
w i t h  only  f a i r  success.* Hence, t h e  use of PeUeCH w a s  abandoned i n  favor  of 

PeueC$ 

Two approaches have been con- 

I n  order t o  test t h e  accuracy of t he  Equation ( 2 2 )  L e w i s  number correla- 
It can be seen t h a t  t h i s  

Attempts 

The peUeCA data w e r e  a l s o  co r re l a t ed  i n  a nuxtiber of ways. The s imples t  
and,most accurate  c o r r e l a t i o n  of those  CQnsidered i s  given by ' 

where.XH is  a c o r r e l a t i o n  parameter. 
i s  presented i n  Figure 18 i n  terms of %/me. 
i n t o  a f a i r l y  narrow band which i s  represented w e l l  by the  curve 

The parameter A H  f o r  p e r f e c t  c o r r e l a t i o n  . 

The data poin ts  are seen t o  f a l l  

.. 

0.417 f o r  

0.224 (2 - 11 + 0.134 (8 - 1) + 0.417 

for 37 1.0 
-. %! 

The v a r i a t i o n  of C*/C'  

presented i n  Figure 19 .  
in a d i r e c t i o n  oppos i te  t o  t h a t  f o r  CM/Ci 

i nc reas ing  t h e  blowing reduct ion f o r  h e a t  t r a n s f e r .  

w i th  Bh = &/peUeCho obtained. using t h i s  c o r r e l a t i o n  is - H o  
Note hexe that t h e  e f f e c t  of molecular weight r a t i o  is 

(see Figure 161, an increase  i n  gRw/nce 
0 

The accuracy of t h e  hea t - t ransfer  c o e f f i c i e n t  c o r r e l a t i o n  of Equations 
130) and (31) is demonstrated i n  F i p r e  20 which compares t h e  values  of Cfr/Cho 

, - .  % 1 _-  - 
N o t e  f r o m  T a b l e  11 t h a t  peUeCH i s  t y p i c a l l y  g r e a t e r  than peU&Cio. 
in Reference 29 t h a t  this behavior is due t o  chemical reac t rons  between t h e  
injected gases  and t h e  edge gas. 

It is  shown 
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obtained from the correlation to those obtained from the boundary-layer solu- 

Case 

tions. 
of the 72 solutions which exhibit nominally five percent error. Again, as in 
the case of peUeCM, it would probably be possible to improve upon this correla- 
tion by permitting AH to be a function of such parameters as & /k etc. but 
the correlation of Equations ( 3 0 )  and (31) is judged to be adequate and con- 
sistent with the present data. 

Errors in C k / C i  are seen to be less than three percent except for three 
0 

9 c' 

It should be noted that the two "max" functions in Equation (30) which 
to values not in excess of 1.0 at very low blowing rates and limit the Ch/Ch 

not less than 0.27 at very high blowing rates have been'introduced arbitrarily: 
there are no boundary-layer solutions to substantiate the former limit and only 
three to substantiate the latter,* This is of no consequence, however, since 
the former occurs only during a very brief and unimportant portion of a typical 
reentry trajectory and the latter corresponds .to blowing rates higher than those 
experienced in any of the Apollo flight predictions presented in Section 6. 

0 

It is also significant to note that the blowing reduction for heat trans-- 
fer is considerably less than that for mass transfer at large injection rates, 
the CM/Cio 

3.3.2 Laminar Nonsimilar Boundary Layer 

0.  
becoming as much as an order of magnitude smaller than Cb/C; 

Solutions were gen9rated for laminar nonsimilar boundary layers around 
.the windward and leeward pitch plane rays of Apollo at 25O angle of attack in- 
cluding Apollo material ablation. 
the following tabulation. 

Four problems were considered as shown in 

. Char 
Removal 
Rates 

Temperature 
Location Distribution 

I I I 
1 I I 

Determined I from surface 2 I ~~~~~~ I , 4000"R 
4OOOOR 

equilibrium 
condition Windward I 5400-2000°R 40000R I Windward 

4 
I I I * 

Steady-State Pyrolysis-Gas Rates 

Pyrolysis 

Rates 

High 
Moderate 
Moderate 

All four cases considered surface equilibrium so that char recession rate was 
obtained as part of the solution. The first three cases considered a constant 
wall temperature of 4000OR while the fourth case Considered a.temperature dis- 
tribution representative of peak heating during a lunar return trajectory. In - 
The 0.27 lower limit was introduced to limit errors in C1!#2k, for these three 
high-blowing solutions to 3 percent. . 
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Case 1, steady-state pyrolysis gas rates were calculated as part of the solution 

4 
moderately high pyrolysis gas rate is superimposed upon the steady-state rate 
in the form of a constant normalized pyrolysis gas'rate A* of 0.40, where A* is 
defined by 

i.e,, & = 1,125 iC - see footnote in Section 3,3,lb), In Cases 3 and 

9 9 

xi*  = i /a* 
9 g  

where the normalizing parameter a* is defined in the nomenclature (see Ref. 9). 
In Case 2, a high value of A* of 1.00 is superimposed upon the steady-state 
pyrolysis gas rate. 

g 
Pertinent results from these solutions are presented'in 

Tables 12a through 12d for Cases 1 through 4, respectively. . .  

It is of interest to compare the blowing corrections for mass and heat 
transfer to blowing corrections calculated for the local value of %/me and 
Bi = i/PeUeCio using the correlations developed in Section 3.3.1 for the axi- 
symmetric (zero incidence) stagnation point (Eqs. (26) through (31)). For this 
purpose the blowing corrections for CM/Ci 
tive axisymmetric-stagnation-point blowing corrections (as described above) are 
presented in Figures 21a and 21b, respectively. The results for the leeward 
side with low pyrolysis gas rates (Case 1) agree very well with the stagnation 
point blowing corrections. 
sis gas rates (Case 2) is not as good, with errors in p U C 
as 15 percent. However, relative to PeUeC;I these errors are quite acceptable 
considering that CM/C;, is about 0.12 and CH/C~;~ .is about 0.45 (see Table 12b) 
with the consequence that errors in CM/Cio are less than 2 percent and errors 
in Ci/Cko are less than 7 percent. Case 3, which considers the windward side 
with moderately high 
CdC$ of 22 percent, in peUeC;I of 10 percent, and in C;/Cio of 7 percent. How- 
ever, these errors occur on the conical afterbody where the heating rates are 
reduced an order of magnitude from those on the aft heat shield (see Table 12c) 
so again they are not serious. Furthermore, the injection rates in this case 
are much higher than those typically experienced over the conical-afterbody. 

and Ci/Cio normalized by their respec- 
0 

The agreement for the leeward side with high pyroly- 
and peUeCE;. as high e e M  

? 

, yields a maximum error in peUeCM of 42 percent,' in 4 

Case 4 considers a variable wall temperature representative of peak heat- 
ing during a typical lunar return flight. This represents the most severe test 
for the transfer-coefficient approach because the surface temperature in the 
stagnation region is sufficiently high that carbon is introduced into the bound- 
ary layer in excess of that needed for surface equilibrium at downstream stations. 
Consequently, mass-transfer rates (and thus the peUeCM) 
tion of the body (near the toroid) to levels well below 

are reduced over a por- 
the stagnation-point 
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a. Mass-Transfer Coefficient 

Figure 21. Transfer Coefficients for Nonsimilar Laminar 
Boundary Layer about Apollo at 25' Incidence 
Normalized by Values Obtained from Axisymmetric 
Stagnation-Point Correlation' - .- * 
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car re la t ions .*  
only i n  t h e  w a l l  temperature d i s t r i b u t i o n s  (and hence char  removal rates). 

is qu i t e  a b i t  better f o r  C a s e  3. 
creases sharp ly  below t h e  co r re l a t ion  values  f o r  C a s e  4 while they begin t o  in- 
crease for  C a s e  3 .  On the conica l  af terbody,  t h e  agreement with t h e  stagnation- 
point  c o r r e l a t i o n  is a c t u a l l y  better f o r  C a s e  4 than  for C a s e  3 .  It can be seen 
from Figure 21b t h a t  t h e  e r r o r  i n  peUeCi f o r  Case 4 is about the same as f o r  
Case 3 except  t h a t  t he  peUeC;I i s  higher than the  s tagnat ion-point  c o r r e l a t i o n  
for C a s e  4 whereas it is lower f o r  C a s e  3.  

It is of i n t e r e s t  t o  compare Cases 3 and 4 s ince  they d i f f e r  
They 

show s a t i s f a c t o r y  agreement on the a f t  heat s h i e l d ,  although the  agreement 
As t h e  to ro id  is approached, t h e  peUeCM de- 

From t h i s  d i scuss ion ,  it would appear t h a t  the stagnation-point blowing 
cor rec t ions  can be appl ied  t o  pos i t i ons  around the body w i t h  s a t i s f a c t o r y  engi- 
neering accuracy,with t h e  exception of the  sharp decrease i n  peUeCH i n  the v i -  
c i n i t y  of the  toro id  i n  C a s e  4 .  Fortunately,  t h i s  behavior is l i m i t e d  t o  a 
r e l a t i v e l y  s h o r t  po r t ion  of t he  t r a j e c t o r y  (when Tw i n  the  s tagnat ion  region 
exceeds about 4500°R), t o  a small po r t ion  of t h e  body ( i n  t h e  v i c i n i t y  of t h e  
to ro id ) ,  and leads t o  conservat ive p red ic t ions  when i iz  does occur.  Therefore 
this effect a l s o  can probably be neglected f o r  engineering design ca lcu la t ions .  
I n  conclusion, wh i l e  non-negligible effects have been Observed, they are no t  
se r ious ;  furthermore, the number and type of so lu t ions  which have been consid- 
ered are n o t  s u f f i c i e n t l y  general  t o  develop meaningful corrections t o  t h e  zero- 
incidence s tagnat ion-point  co r re l a t ions .  Therefore, it is  recommended tha t  
'stagnation-point" blowing cor rec t ions  (based on l o c a l  &'peUeCio and %/!Ole) be 
employed for a11 p o s i t i o n s  around the  body as long as the  flow i n  laminar. 
bulent flow is  considered i n  the  next sec t ion .  

Tur- 

3.3 .3  Turbulent Nonsimilar Boundary Layer 

. Two so lu t ions  w e r e  generated f o r  nonsimilar laminar/turbulent boundary 
layers  around the leeward p i t ch  plane ray of Apollo a t  25' incidence including 
Apollo material ab la t ion .  I n  both cases, the sur face  w a s  considered t o  be i n  
equi l ibr ium w i t h  the adjacent  gas and the  w a l l  temperature w a s  considered t o  be 
4000 R; they d i f f e r e d  i n  t h a t  Case 1 considered *low" pyro lys i s  gas i n j e c t i o n  
rates w h i l e  Case 2 considered "high" pyro lys i s  gas rates (as defined i n  Section 
3.3-21. 
it had occurred i n  the  nonsimilar a i r  boundary l a y e r  so lu t ions  of Sect ion 3.2.3. 
Per t inen t  r e s u l t s  from these so lu t ions  are presented i n  Tables 13a and 13b. 

Trans i t ion  w a s  presumed t o  occur a t  the same s t r e a m w i s e  s t a t i o n  where 

The CM/C$ and Ci/CAo blowing cor rec t ions  normalized by t h e i r  respec t ive  
zero-incidence "stagnation-point" values are presented i n  Figures 22a and 22b- 

The normalizing parameter here is  based on the  c o r r e l a t i o n s  of Equations ( 2 6 )  

-_ - 
32 * 

This e f f e c t  w a s  observed previously i n  graphi te  ablat ion '  so lu t ions  . 
c 

' -  
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through (31) using local values  of “K/PeUeC;Io and 
PeUeCboe The C,/Cg0 l i e  seve ra l ‘pe rcen t  below the “stagnation-point’’ blowing 
co r rec t ions ,  while t h e  Ci/Cbo agree very w e l l  w i t h  t h e  s tagnat ion-point  corre- 
l a t ion .  While the  error i n  p5,UeCM immediately a f t e r  t r a n s i t i o n  is q u i t e  l a r g e  
for C a s e  2,  t h e  error i n  CM/CHo does not  exceed 13 percent  (see Table 13b) - 
given s t a t i o n ,  the  PeUeCbo f o r  t u rbu len t  flow is much l a r g e r ,  the &/PeUeCio i s  
smaller (even though I;\ i s  l a r g e r ) ,  and the  blowing co r rec t ions  (1 - CM/Cio and 
1 - CALCA ) are thus smaller. Hence, t h e  ab la t ion  rate is  l a r g e r  and t h e  blow- 
ing  co r rec t ion  is smaller f o r  t u rbu len t  flow even though t h e  blowing co r rec t ion  
curves are roughly t h e  same. 

with the tu rbu len t  

Comparing t h e  blowing co r rec t ions  f o r  laminar and t u r b u l e n t  flow a t  a 

0 

I n  conclusion, t h e  blowing cor rec t ions  developed f o r  zero-incidence stag- 
na t ion  p o i n t  (laminar) flow are seen t o  apply t o  turbulen t  f.1ow about Apollo a t  
incidence with good accuracy f o r  Ci /Ch0 and with reasonable engineering accuracy 
for CM/C&, as long as t h e  l o c a l  t u rbu len t  flow value of peUeCbo i s -b rough t  i n t o  
the normalizing parameters. The t w o  turbulent-flow so lu t ions  which w e r e  gener; 
atea would thus suggest  t h a t  the  s tagnat ion  p o i n t  blowing co r rec t ion  r e l a t i o n s  
f o r  CH/Ci0 and C’ /C’  be applied d i r e c t l y  t o  tu rbu len t  flow without cor rec t ion .  

3.4 SUMMARY OF CONVECTIVE HEATING STUDIES 

* Ho 

It has been demonstrated t h a t  t h e  BLIMP program p r e d i c t s  wind-tunnel con- 
. vective hea t ing  da ta  very w e l l ,  and t h a t  the  wind-tunnel p red ic t ions  d i f f e r  from 

f l i g h t  p red ic t ions  by a cons i s t en t  (and t y p i c a l l y  small) cor rec t ion .  Thus, t h e  
NASA/MSC convective hea t ing  f a c t o r s  (which a r e  based on wind-tunnel da t a )  can be 
used toge ther  with t h i s  s m a l l  co r r ec t ion  t o  p r e d i c t  nonablating convective heat- 
t r a n s f e r  d i s t r i b u t i o n s  a t  various angles  of a t t a c k  and f o r  a l l  pos i t i ons  on t h e  
h e a t  s h i e l d  sur face ,  a t  least where t h e  boundary l aye r  i s  at tached.  

.. 

Simple blowing reduct ion r e l a t ionsh ips  f o r  hea t  and m a s s  t r a n s f e r  are 
then developed f o r  t h e  Apollo heat-shield material which are reasonably accura te  
(usual ly  wi th in  two percent )  f o r  a w i d e  range of f l i g h t  condi t ions and consider- 
i ng  l a r g e  pyrolysis-gas i n j e c t i o n  s i t u a t i o n s  as w e l l  as s teady-s ta te  ab la t ion .  
These r e l a t i o n s  are then shown t o  be adequate f o r  u s e  ( t y p i c a l l y  within 10  per- 
cent)  f o r  pos i t i ons  around the body, including nonsimilar e f f e c t s ,  f o r  tu rbulen t  
as w e l l  as laminar flow, as long as t h e  sur face  temperature i n  t h e  s tagnat ion  
region does no t  exceed about 4500OR. 

I n  summary, t h e  following procedure is recommended f o r  t h e  ca l cu la t ion  
of the  peUeCM and peUeCA 
employed i n  t h e  f l i g h t  pred ic t ions  of Section 6.2. 

required f o r  t r a n s i e n t  CMA ca l cu la t ions  and has been 
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Step 1: Calculate Nonablating Heat-Transfer Coefficient peUeCho 

where 

F2 

F3 

F4 

F5 

is the heat-transfer coefficient for the axisymmetric stagna- 
tion point for Tw = 2000°R (Fig. 10) 

is the NASA/MSC convective heating factor for laminar flow at 
the location and angle of attack of interest (e.g., Fig. 8) 

is a correction to change the normalizing parameter from the 
S/R = 0.9875 used in the NASA/MSC convective heating factors 
to the axisymmetric (zero incidence) stagnation point (Fig. 9) 

is a correction to the NASA/MSC convective heating factors 
reflecting the significance of flight conditions on heating 
distributions (Fig. 12 

is a correction for turbulent flow (Fig. 14) to be used when 
a critical Reg 

is a wall-temperature correctfon to peUeC;Io 
see Eq. (15)) 

is exceeded, where Re is given by Figure 13 

(neglected - 
0 8 0  

S 

Step 2: Calculate Blowing Corrections C /C' and Ct/Cl . M H o . H H o  

where 

are the axisymmetric (zero-incidence) stagnation- 
S s point blowing corrections (Eqs. (26) through (31)) 

GI and HI are corrections to the stagnation-point blowing corrections for 
positions away from the stagnation point due to nonsimilar ef- 
fects (neglected - see Section 3.3.2) 
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are corrections to the laminar nonsimilar blowing corrections 
for turbulent flow when applicable (neglected - see Section 
3.3.3) 

Step 3: Calculate Local. Heat- and Mass-Transfer Coefficients 

(36) 

(371 

The changes in the CMA and EST programs necessary to employ these procedures 
are described ,in Appendix' A. 
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SECTION 4 

INCIDENT RADIATION STUDIES 

The purpose he re  is t o  ob ta in  an independent evaluat ion of r a d i a t i o n  
The approach taken i s  to  (1) review t h e  p red ic t ion  procedures f l u x  levels. 

present ly  employed a t  NASA-MSC, (2 )  i d e n t i f y  areas of p a r t i c u l a r  importance, 
(3) i d e n t i f y  areas of  low confidence l eve l s ,  ( 4 )  es t ab l i sh .  p r i o r i t i e s  from (2)  

and (3), (5 )  perform selected ca lcu la t ions  and (6) make recommendations f o r  
improving t h e  procedure based on t h e  r e s u l t s  of (5). The r e s u l t s  of these  
s t u d i e s  are presented i n  t h e  following subsections.  

. -  

4.1 REVIEW OF NASA/MSC PROCEDURES ' 

The following r a d i a t i o n  flow f i e l d  model i s  used t o  p r e d i c t  equilibrium" 
r a i i a t i o n  f luxes  -at NASA/MSC : 

a. The shock shape i n  the  p i t c h  plane i s  taken from wind tunnel  experi-  
. ments f o r  given angles of a t t ack .  I t  is normalized aga ins t  t h e  nor- 

m a l  shock standoff d i s tance .  The r e s u l t i n g  shape is  assumed t o  be 
inva r i an t  wigh f l i g h t  condi t ions.  

b, The shock shape is  assumed to .have  a s inusoida l  v a r i a t i o n  about the 

- v e h i c l e  a x i s  f o r  two planes (45' and 90°) other  than the  p i t c h  plane. 

Thus, t hese  two assumptions reduce the  problem of determining t h e  
shock shape about t he  body t o  t h a t  of determining t h e  normal stand- 
o f f  d i s tance .  

The normal standoff d i s t ance  is scaled from wind tunnel  data using 
a ca lcu la t ion  procedure appl icable  t o  spheres. This  procedure in- 
cludes real gas e f f e c t s  i n  the  a i r  region of t h e  shock layer  bu t  does 
not include nonadiabatic e f f e c t s  or e f f e c t s  caused by blowing. 

c. 

The f l i g h t  condi t ions e n t e r  the  sphe r i ca l  sca l ing  law only through 
t h e  dens i ty  r a t i o  across the  bow shock. Thus, the s p e c i f i c a t i o n  of 

Z b r i u m  e f f e c t s  w e r e  immediately placed a t  the  bottom of the  list of 
p r i o r i t i e s ,  because they are n o t  very important r e l a t i v e  t o  equi l ibr ium radia- 
t i o n  (let alone convection) and the s ta te -of - the-ar t  i s  such t h a t  p red ic t ions  
from first p r i n c i p l e s  are e s s e n t i a l l y  impossible. . 
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d. 

e. 

f .  

the  shock shape about t h e  body has been reduced t o  t h e  ca l cu la t ion  
of t he  jump conditions across the  bow shock a t  t h e  shock normal 
pos i t ion .  

The f luxes  about the  body are assumed to  be f u l l y  character ized by 
the  f l u x  a t  a reference.condition. Thus, t he  f l u x  d i s t r i b u t i o n  
(considering d i f f e r e n t  planes and angles-of-attack) w e r e  ca lcu la ted  
a t  a par t icular  f l i g h t  condition, normalized t o  t h e  reference condi- 
t i o n  and f ixed  f o r  a l l  o the r  f l i g h t  conditions.  

The re ference  f luxes  are obtained from t h e  plane-parallel ,  ad i aba t i c  
layer  f luxes  by applying a cor rec t ion  factor of .84 t o  account f o r  
geometric e f f e c t s  and t h e  cor rec t ion  f a c t o r s  of Chin (Ref. 3 3 )  t o  
account f o r  nonadiabatic e f f ec t s .  The f irst  cor rec t ion  is accurate  
f o r  o p t i c a l l y  t h i n  l aye r s ,  the  second f o r  a two-band r ad ia t ion  model. 
In t e rac t ions  with t h e  boundary l aye r  are assumed t o  be negl ig ib le .  

The p lane-para l le l ,  ad iaba t ic  layer  f luxes  are obtained from the  
r ad ia t ion  proper t ies  model of Page e t  a1 (Ref. 34)  which is a three- 
step-plus-one-line model, va l id  f o r  a i r  a t  uniform conditions.  

I n  assessing the  importance of these steps, one must consider where the  
heating is  most i n t ense  and where f l i g h t  da t a  is ava i lab le  t o  evaluate  candi- 
date changes i n  t h e  pred ic t ion  procedure. On both counts, t h e  region near  the  
shock normal condi t ion i s  the  m o s t  important. Indeed, adequate data does not 
appear t o  be ava i l ab le  t o  evaluate  the flux d i s t r ibu t ions .  Steps ( c )  , (e) and 
(E) above are important i n  the  shock normal region; consequently, they w i l l  
receive major a t t en t ion .  

One must a l s o  consider t h e  confidence l eve l s  associated with each step.  . 

Steps (a ) ,  (b) and (d) are c l e a r l y  very approximate. I t  is for tuna te  t h a t  they 
are also of r e l a t i v e l y  less importance. Of t h e  important s t e p s ,  (c) should be 
q u i t e  s a t i s f a c t o r y  as the  shock standoff d i s tance  is not  a s e n s i t i v e  funct ion 
of t h e  flow f i e l d  method employed (within l i m i t s ) ,  and' t h e  r ad ia t ion  f l u x  leve ls  
are no t  p a r t i c u l a r l y  s e n s i t i v e  t o  the  standoff dis tance.  Step ( f l  should be 
moderately s a t i s f a c t o r y  because t h e  rad ia t ion  model employed (Ref. 34)  is  
thought t o  be accurate .  F ina l ly ,  s t e p  (e) is important and should have appre- 
c iab ly  la rger  unce r t a in t i e s  associated w i t h  it than s t eps  (c) and (f). 

Based on these  considerat ions,  the p r i o r i t i e s  es tab l i shed  w e r e  t o  ve r i fy  
step ( f ) ,  and t o  consider improvements t o  s t e p  (e),  i n  t h a t  order.  Logically,  
the  f l u x  d i s t r i b u t i o n  would be considered next,  bu t  t h i s  i s  beyond t h e  scope 
Qf the e f f o r t .  

* I-- 
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.2 VERIFICATION OF REFERENCE RADIATION CONDITIONS 

*2.1 Plane-Paral le l  Adiabatic Layer Fluxes 
a 

I n  the  kASA/MSC procedure, the plane-paral le l ,  ad i aba t i c  layer  f luxes  
are obtained f r o m  t h e  model of Page e t  a1 (Ref .  34)  which is a three-step-plus- 
one-line model appl icable  t o  a i r  a t  uniform conditions.  Solut ions have been 
obtained for comparison with the  pred ic t ions  of t h e  Aerotherm RAD program and 
i ts  va r i an t s  (Refs, 35 t o  38) which employs a d e t a i l e d  model of t h e  important 
contr ibut ions from t h e  molecular band systems (within the  bandless model ap- 
proximation), t h e  photodissociat ion,  photoionization and f ree- f ree  t r a n s i t i o n s ,  
and each of 118 low ly ing  atomic l i n e s .  

The predic t ions  from the  t w o  methods are compared i n  Figures  23 and 24, 

The RAD code predic t ions  f o r  a 1 c m  th i ck  s l a b  (Figure 23) are about 10 percent  
higher a t  9000'K and i n  exce l l en t  agreement a t  t h e  higher temperatures. 
10 c m  t h i ck  slab a t  1 a t m  pressure (Figure 241, t h e  RAD code predic t ions  are 
about 1 0  percent  higher a t  9000°K, i n  exce l len t  agreement a t  10,000'K and about 
10 percent  l o w e r  a t  11,000'K. 
pred ic t ions  are i n  exce l l en t  etgreement a t  9000°R, about 1 0  percent  lower a t  
10,OOO°K, and about 20 percent  lower a t  11,000'K. Thbs, s t e p  ( f )  of the  NASA/ 
MSC procedure y i e lds  f luxes  within about 10  percent  of those obtained a t  A e r o -  

t h e r m  for conditions encountered during Apollo reent ry  (also shown on Figure 24) .  

This should be viewed as good agreement.* 

For a 

For a 10 c m  th ick  s l a b  a t  .1 a t m ,  t h e  RAD code 

4.2.2 Nonadiabatic E f fec t s  

I n  t h e  NASA/MSC procedure the nonadiabatic f a c t o r s  are obtained from 
Chin's (Ref. 33) coupled flowfield/two band r ad ia t ion  model. These factors 
could be obtained by using the  Aerotherm RABLE ( g d i a t i n g  Boundary kayer Envi- 
ronment) operating i n  its shock layer  mode (see R e f .  6 ) .  However, t h i s  proce- 
dure w a s  no t  employed because of t he  l i m i t e d  scope of the  present  effort . .  In- 
s tead ,  a cor re l a t ion  of inv i sc id  f low_f&eld so lu t ions  presented by Page e t  a1 
(Ref. 34) w a s  combined with the RAD code. The r e su l f ing  predic t ion  procedure 
employed the  de t a i l ed  RAD code rad ia t ion  model f u l l y  coupled t o  an approximate, 
i nv i sc id  shock layer  model. 

. _- 

Page e t  a1 ( R e f .  34)  modeled t h e  s tagnat ion region of t h e  coupled radi- 
a t ing  shock layer  problem as 

G b l e  cont r ibu tor  t o  the  10 percent d i f fe rences  observed is the  N- photo- 
detachment t r a n s i t i o n  which is normally not included i n  t h e  RAD code proper t ies  
model. To assess i ts  e f f e c t ,  t h e  da t a  of Morris e t  al(Ref.  39) were incorpo- 
ra ted  i n t o  the  RAD code and predic t ions  were made a t  10,000'K and axe also 
presented i n  Figure 24. The agreement i s  seen-to be s l i g h t l y  b e t t e r  a t  .1 atm 
and s l i g h t l y  worse a t  1 atm, indica t ing  t h a t  N does not.account f o r  the dif-  * 

ferences observed. 
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P = const .  

dqr . P V d y  = d y  

_ -  

where y is the  d i s t ance  normal t o  t h e  sur face ,  6 is t he  s tandoff  d i s tance ,  6, 
is  the  asiabatic s tandoff  d i s tance ,  t he  subsc r ip t  s r e f e r s  t o  condi t ions j u s t  
behind t h e  bow shock and the  o t h e r  q u a n t i t i e s  have t h e i r  u s u a l  meanings. 
Equations ( 3 8 )  t o  (41 )  w e r e  s e l ec t ed  f o r  the  p re sen t  study because of t h e i r  
s impl i c i ty  and t h e i r  a b i l i t y  t o  accept  an a r b i t r a r i l y  complex r ad ia t ion  t rans-  
po r t  mode 1. 

I n  the  present  approach, an enthalpy p r o f i l e  of t h e  form 

. .  . 

h = hs [l - s (1 - y / 6 ) ]  

was assumed, where 
Also, the  flow w a s  
subsonic behind it 

t o  be introduced. 

s is  an unknown parameter t o  be obtained during the  so lu t ion .  
assumed t o  be hypersonic i n  f r o n t  of t h e  shockwave and very 
a1 lowing the  approximations 

h z %  (43)  

p z p T  (behind the  shock) (44)  

Equations (41 )  t o  ( 4 4 )  w e r e  s u b s t i t u t e d  i n t o  Equations (38) 

and (401, and the  r e s u l t s  i n t eg ra t ed  over y/b. This  yielded - 

( 4 5 )  S 

which is a one parameter set and can be solved by employing t h e  RAD code t o  
evaluate  t h e  n e t  r a d i a t i v e  hea t  loss ( q - q ) a s  a funct ion  of S. 

. r" rS 
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Solut ions are obtained t o  Equations (45) and (46) through a two-step pro- 
I n i t i a l l y ,  t h e  m a s s  flow rate, p,V,, and ad iaba t i c  shock standoff d i s -  cedure, 

tance are ca lcu la ted  f o r  t h e  f l i g h t  conditions and body s i z e  of i n t e r e s t .  
'These are used t o  eva lua te  the  r i g h t  side of Equation(46) as a funct ion of 

p,Vm, The RAD code, the  aq iaba t i c  standoff d i s tance  and Equation 
(45) are used t o  eva lua te  t h e  l e f t  side of Equation (46)  as func t ions  of PT 

(total p re s su re ) ,  %, 6, and S .  

are se l ec t ed  t o  e l imina te  the  parameter S and y i e l d  t h e  des i red  solut ions.  

and S. 

The intercepts of t h e  two f ami l i e s  of curves 

The t e r m s  i n  Equations (45 )  and' (46)  have been presented i n  Figures 25 
and 26 for PT = 1 a t m ,  and 6m = 1 0  c m  as an example of the  -procedure. 
i n t e r c e p t s  of t he  s o l i d  l i n e s  and t h e  curves with a l t e r n a t i n g  dots and dashes 
y i e l d  t h e  so lu t ions  (unique values of S ) .  The nonadiabatic w a l l  f luxes  follow 
immediately from the  dotted curves. These have been normaliz*ed aga ins t  t h e i r  
ad iaba t i c  values  (S = 0 )  and are presented in .F igu re  26. 

The 

. Using t h i s  procedure, nonadiabatic cooling factors, qr/qm, have been 
ca lcu la ted  f o r  t he  range of condi t ions of i n t e r e s t  f o r  Apollo reentry.  These 
are presented i n  Fi-gures 27 and 28 as a function of t h e  r ad ia t ion  loss param- 
eter, r .  Presentat ion of t h e  data i n  t h i s  fashion typ ica l ly  e l iminates  t h e  
pressure and path length dependen&and - as indica ted  by some s tud ie s  - t h e  
total enthalpy dependence as w e l l .  However, t he  r e s u l t s  of t h e  present  s tudy 
indicate t h a t  t o t a l  enthalpy must be retained as a parameter bu t  allow the  
e l imina t ion  of pressure arid path length with v e r y ' s l i g h t  pena l t i e s  i n  accuracy 
+(see Figure 27, f o r  example) . 

The cooling f a c t o r s  a re  compared with those of o ther  s t u d i e s  i n  Figure 
28. For the condi t ions of primary i n t e r e s t  (qr/qAD > 0.51, t he  present  re- 
s u l t s  are a f e w  percent  higher than those obtained using the NASA/MSC proce- 
dure, a few percent  higher  than the  cor re la t ions  of O l s t a d  ( R e f .  40) as re- 
.ported by B a r t l e t t  e t  a l  (Ref. 411 ,  s i g n i f i c a n t l y  higher than the  correlation 
of Page e t  a1 (Ref. 3 4 )  and s i g n i f i c a n t l y  lower than t h e  r e s u l t s  of severa l  
e a r l y  calculat ions.* Some of the  d i f fe rences  can be a t t r i b u t e d  t o  the  radia- 
t i o n  models - t h e  e a r l y  ca lcu la t ions  considered only o p t i c a l l y  t h i n  rad ia t ion ,  
w h i l e  t he  NASA/MSC procedure does not  consider l i n e s .  Others ( O l s t a d )  are 
wi th in  t h e  expected accuracy of the  cor re la t ion .  
(Ref. 34) appear l o w  for  reasons which are not clear. 

The r e s u l t s  of Page e t  a1 

* 
The dashed curve shown i n  Figure 28 w a s  taken f r o m  Reference 34,  where the 
e a r l y  s t u d i e s  are referenced. 
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.3 Spect ra l  E f fec t s  

?' It is of ten  necessary t o  have s p e c t r a l  f l uxes  o r  i n t e n s i t i e s  a t  t h e  sur- 
face. This can be conveniently accomplished through the  in t e rpo la t ion  function* 
presented i n  Figure 29. The procedure i s  t o  (1) obta in  the nonadiabatic factor 
qr/gm f r o m  Figure 27 or. 28, (2) ob ta in  the  normalized s lope  parameter, S, from 
Figure 29, ( 3 )  ob ta in  the s lope parameter, S, f r o m  (see Figure 2 9 1 ,  and ( 4 )  

employ t h e  RAD code or a s i m i l a r  r ad i a t ion  t r a n s p o r t  procedure t o  c a l c u l a t e  t h e  
desired f luxes  and/or i n t e n s i t i e s  a t  t he  surface.  

- 

4.3 FLIGHT PREDICTIONS AND COMPARISON WITH NASA/MSC 
PREDICTION AND FLIGHT DATA 

A predic t ion  of r a d i a t i v e  heat ing w a s  made f o r  F l i g h t  501 (Apollo' 4 ) ,  
Body Po in t  703 (near t h e  s tagnat ion poin t )  and compared t o  t h e  NASA/MSC pre- 
d i c t ions  and f l i g h t  data.. The procedure employed i n  the  pred ic t ion  w a s  t h a t  
described i n  the  previous subsection p lus  a three-dimensional cor rec t ion  f a c t o r  
of 0.84 ( a f t e r  the  NASA/MSC procedure).  The f l o w  f i e l d  condi t ions are from the  
pos t  f l i g h t  r epor t  (Ref. 51)', and t h e  shock standoff d i s tance  (taken cons tan t  
a t  1 4  c m )  is from Reference 15. The intermediate parameters (qr/qAD, S and the  
t o t a l  cor rec t ion  f a c t o r )  are presented i n  Figure 30. The f luxes  and in t ens i -  
ties are presented i n  Figures 31 and 32, respect ively.  

I n  comparing t h e  pred ic t ion  procedures with each other and with t h e  
measurements, the  following observations a r e  per t inent :  . 

o The present  procedure y i e l d s  a s l i g h t l y  wider and f l a t t e r  pulse ,  
This is t r u e  f o r  both t h e  to ta l  and v i s i b l e  f luxes  and f o r  t h e  
visible i n t e n s i t i e s  i nc iden t  upon t h e  radiometer. 

o I n  comparing with the  measurements, t h e  present  procedure is i n  
s l i g h t l y  better agreement a t  peak heat ing conditions,  and i n  
s l i g h t l y  worse a,greement a t  both e a r l y  and l a t e  t i m e s .  

4.4 DISCUSSION AND CONCLUSIONS 

4.4.1 Confidence Levels i n  the  Predict ions 

I n  both the  NASA/MSC procedure and the  present  study, t h e  in t e rac t ion  
between t h e  inc ident  f l u x  and the  boundary layer  is not ' included.  This is 
probably t h e  most important s i n g l e  f ac to r  l imi t ing  the  accuracy of the  predic- 
t ions.  The j u s t i f i c a t i o n s  usual ly  given f o r  t h i s  approach are (1) the  r ad ia t ion  
absorbed by the boundary layer  i s  approximately equal  t o  t h e  r ad ia t ion  emitted 
by t h e  boundary l a y e r ,  and/or ( 2 )  the ne t  r ad ia t ion  absorbed by the  boundary 
layer  tends t o  be compensated f o r  by an increase i n  convective heating (over - The in t e rpo la t ion  funct ion w a s  obtained by co r re l a t ing  t h e  l imi ted  amount of 
da ta  generated i n  the  present  study. 
n i f i c a n t l y  d i f f e r e n t  from those encountered during Apollo regntry.  

It should not  be used f o r  condi t ions sig- 
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t h e  pred ic ted  values without  r a d i a t i o n  coupling).  These have been demonstrated 
t o  be roughly valid i n  var ious  s t u d i e s  ( R e f s ,  6 ,  42 and 43) and tend t o  j u s t i f y  

reaches the wall.* 
e approach i n  obta in ing  t h e  t o t a l  f l u x  ( r ad ia t ion  p lus  convection) which 

4.4.2 Conclusions 

The t r a n s p o r t  q u a n t i t i e s  pred ic ted  i n  t h e  present  s tudy d i f f e r  i n  some 
details from those obtained using the NASA/MSC procedure, which p r e d i c t  in ten-  
sities s l i g h t l y  higher than the  measured data .  However, t he  d i f f e rences  w e r e  
w i t h i n ' t h e  uncer ta in ty  range one might expect i n  making such predic t ions  (210- 
15 percent ,  gene ra l ly ) .  Moreover, t h e  d i f fe rences  between p red ic t ion  procedures 
are inconsequent ia l  r e l a t i v e  t o  t he  t o t a l  (radiative plus  convective) hea t ing  
f lux .  Thus, t h e  r e s u l t s  of t h e  p re sen t  study tend t o  support  t h e  NASA/MSC pro- 
cedures f o r , t h a t  po r t ion  of t he  body and t r a j e c t o r y  where r a d i a t i o n  heat ing i s  
a s i g n i f i c a n t  cont r ibu t ion  t o  the  t o t a l ,  heating. 

* 
The s p e c t r a l  d i s t r i b u t i o n s  of the inc ident  f l u x  cannot be so r e a d i l y  j u s t i f i e d ,  
as carbon containing boundary l aye r s  t end  t o  absorb i n  the  u l t r a v i o l e t  and 
emit i n  t h e  visible.  
i nc rease  i n  t h e  vis ible  f lux .  

Thus, one would expect t h e  boundary l a y e r  t o  cause an 
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SECTION 5 

MATERIAL RESPONSE MECHANISM STUDIES 
. " .  

The Apollo heat shield consists of a low density ablation material bonded 
to a primary structure. 
HC-GPI an epoxy novalac resin with phenolic microballoons and silica fiber re- 
inforcement in a fiberglass honeycomb matrix. Although the epoxy-honeycomb com- 
bination maintains its cellular appearance after fabrication, the virgin mate- 
rial is treated theoretically as a continuum with uniform thermal and mechanical 

The low density ablation material is Avcoat 5026-39/ 

properties. I -. 

Upon being subjected to sufficiently high heating, the Avcoat material 
decomposes chemically forming a pyrolysis gas and a char residue. The fully- 
developed char is principally carbon and silica but does contain other ash im- 
purities, while the primary pyrolysis gas is in a highly nonequilibrium state, 
containing substantial excess carbon. There is considerable experimental evi- 
dence that under certain conditions the pyrolysis gas cokes out carbon which 
then deposits on the char. A l s o ,  chemical reactions between the carbon.and 
silica in the char can take place. There are several competing mechanisms which 
interact to control the surface ablation response. These include carbon oxida- 
tion, redeposition of silica on the surface due to reaction of silica-carbon 
reaction products with oxygen in the boundary layer, and liquid-layer runoff 
of silica. The situation is further complicated by the chemical state of the 
pyrolysis gas which can be oxidizing, reducing, or inert relative to the char 
material in the vicinity of the surface. 

In a previous study of Apollo material' response mechanisms 4 4 1 4 s  the 

virgin material was permitted to decompose into a char and pyrolysis gas, but 
coking and silica-carbon reactions in-depth were not,allowed. Several alterna- 
tive surface thermochemical ablation models were considered, and it was seen 
that best agreement with ground and flight data could be achieved by an empiri- 
cal relation coupled with a "fissure" model where the pyrolysis gas is 
considered to escape without contributing to surface chemistry events or to a 
blowing reduction for heat and mass transfer. An alternative approach was em- 
ployed in Reference 46 which reports substantial agreement with flight data 
considering coking and' an empirical ;-Tw relation limited by dif fusion-controlled 
carbon ablation. 
vective heating correlations generated udder the present study.. Therefore, 

Bi-Tw 

, .  

However; neither of these studies had the benefit of the con- 



while the development of an hproved.in-depth and sureace material response 
model was not a major objecfive of the present study, some attention was di- 
rected to this problem in order to provide an improved baseline for the evalu- 
ation of flight convective heating data. 

The basic material decomposition model is W e  same as that employed pre- 
viously in References 4 4  and 45, It is summarized in Section 5.1. After care- 
ful consideration of various improvements that could be made in the analysis of 
char layer mechanisms, a simple coking model was selected as being consistent 
with the available data, with the level of effort of the present study, and with 
practical computational considerations. This model is described in Section 5.2. 

The validity of the 
in-depth theoretical approach and thermal properties model is assessed in Sec- 
tion 5.4 by a series of driver temperature calculations. A surface thermochemi- 
cal ablation model consistent with the in-depth coking model-is presepted in 
Section 5 . 5 .  

Section 5.6. 

. The thermal properties model is described in Section 513. 

The results of the material.respo,nse studies are summarize? in ’ 

5.1. MATERIAL DECOMPOSITION MODEL 

. The material decomposition model utilized in the present stuqy is the 
same as that considered in previous studies 44r45. On the basis of cQemical and 
thermogravimetric analysis data supplied by NASA/MSC, the elemental composition 
of the primary pyrolysis gqs and char is taken t(, be as indicate$ in Table 14. 

.I 

TABLE ih 
CHAR AND’ P Y R O L ~ I ~  GAS E~EMENTAL MASS FRACTIONS IN 

AVCOAT 5026-39/HC-GP (PRIOR TO COKING) 

- -. 

These compositions are based on a virgin material density of 34.0 lb/ft3 and a 
primary char density of 16.0 lb/ft’, where the char i s  composed of the compounds 
listed in Table 15. At elevated temperatures, coking is permitted to occur and 
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BWE: * 5  

CHAR SPECIES MASS FRACTIONS (PRIOR TO COKING) 

- .  
, . . _ .  

> .  

1 .  

Mass Fraction 

C* 0.4880 

Si02* 0.3971 

A1203* 0.0384 

0.0510 

B2°3* 0.0255 

CaO* _- 

the composition of the pyrolysis gas and char differ from the values presented in 
Tables 14 and 15. Furthermore, for the purposes of the in-depth analysis, the 
char is treated as carbon and a second material with the properties of silica. 
These considerations will be discussed further in Section 5.2. 

The model for plastic decomposition which is used by the CMA program is of 
the form 

U Be (47) 

where i 

p = instantaneous density 

= residual or char density 

po = original or virgin density 

9 = time 

T = temperature 

Qr 

- -_ - . - - - - - - __ . - ._ - 

The numerical values used for the Apollo heat-shield material in the present stud- 
ies axe: ,- 

. p, = 34.0 lb/ft3, . .  
. .  

.B = 1:06 x' lo6 SE . . < .  
.~ .. t- I JI = 2.5 - .--* - "  

E,/R = 24,530'R 

Further details regarding th MA decomposition model are presented in Refer- 
1 .  . ,  

. .  ences' 7 and 10.' - _  
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5,2 CHAR LAYER MODEL INCLUDING CORING 

5 * 2 l9 General 
Extensive tests of heat-shield samples (cores) taken from recovered 

Apollo vehic les  and from laboratory tests have been conducted by AVCO Corpora- 
t i ~ n * - ~ .  A summary of t h e i r  chemical and v i s u a l  microscopic observations of 
these cores i s  presented i n  Figure 33  which w a s  taken from Reference 3.  It can 
be seen t h a t  many complex phenomena take  place i n  the  char l aye r  a t  least t o  
some ex ten t .  The 'two physical  events  of most concern are the following: 

1. Carbon deposi t ion onto t h e  char mat r ix  ("coking") f r o m  the  i n i t i a l  
pyro lys i s  gases a s  they pass through the char as evidenced by t h e  
formation of pyro ly t ic  graphi te  (referred t o  as P.G.. i n  Fig. 3 3 ) .  

2 .  Reactions between carbon residue and s i l i ca  reinforcement i n  t h e  
char as evidenced by t h e  formation of Sic*. 

Both of theseaef fec ts ,  if they take  place to  any g r e a t  ex ten t ,  could appreciably 
affect t h e  mater ia l  response. There i s  l i t t l e  quest ion bu t  t h a t  t he  amount of 
coking i s  extensive; s u b s t a n t i a l  increases  i n  char  dens i ty  and carbon content  
have cons i s t en t ly  been observed i n  the  AVCO s t u d i e s  within a temperature range 
i d e n t i f i e d  i n  Figure 33.  The degree t o  which s i l ica-carbon reac t ions  a c t u a l l y  
take place is  more d i f f i c u l t  t o  assess; the AVCO s tud ie s  show only a trace of 
Sic* and show ac tua l ly  an increase i n  ash content  i n  the  char  layer*; fur ther -  
more t h e  reac t ion  of s i l i c a  is  obscured by the  f a c t  t h a t  s i l i ca  can reform a t  
the sur face  i n  t h e  presence of oxygen and s i l i ca  melting and l i qu id  flow can 
occur. 

x 

Further complicat ing, the se l ec t ion  of an in-depth model .is the  in te rac-  
t i o n  between in-*pth phenomena and surface thermochemistry phenomena. Both 
sil ica-carbon r eac t ions  and coking change the  chemical compositions of t h e  char 
and the gases in j ec t ed  i n t o  the  boundary l aye r ,  and thus add to  the number of 

. -  parameters which must be considered i n  the sur face  thermochemistry so lu t ion  f o r  
t he  CMA code. 

A descr ip t ion  of t he  CMA code and i t s  coupling t o  t h e  sur face  thermo- 
chemical ab la t ion  problem through a t ransfer -coef f ic ien t  approach is  presented 
in Appendix A. I n  b r i e f ,  surface thermochemistry information i s  generated with 
the EST program (or an equivalent  code) and assembled i n  t a b l e s  which are used 
as i npu t  t o  the  CMA program. I n  t h e  standard CMA program, these t a b l e s  are 
based on t h e  following th ree  independent var iables:  - 
The ash content w a s  obtained i n  the'AVC core analyses by chemical removal of 
t he  carbon and hydrogen from the  char2-'. Thus t h e  ash would be expected t o  
be pr inc ipa l ly  s i l i ca  p lus  the o the r  impur i t ies  l i s t e d  i n  T a b l e  15. However, 
it is speculated i n  Reference 3 t h a t  the ash may contain s u b s t a n t i a l  unburned 
carbon. 

I 
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e Pressure 

2. Dimensionless pyrolysis gas rate B8 9 
3. Dimensionless char erosgon rate BA 

Note that the chemical compositions of the char and pyrolysis gas do not appear 
in the list of variables since they are assumed to be fixed, 

As observed above, silica-carbon reactions and coking, if considered in 
the ablation calculations, change these previously fixed chemical compositions 
of char and pprolysis gas. In addition, the silica-cgrbon reaction introduces 
a new "product gas" which must be accounted for. 
the following list of parameters for a transfer-coefficient approach to the sur- 
face ablation calculation: 

1, Pressure 

These considerations yield 

2, 

3. Pyrolysis gas composition as influenced by coking 

4. Silica-carbon reaction gas products injection rate B' 

5 .  Dinensionless char rate BA 

6. Char structure composition as influenced by both coking and silica- 

Dimensionless pyrolysis gas rate B' g 

. g2 

carbon reactions. 

This number of independent variables would result in an enormous table 

To obtain an appropriately 
of the enthalpy and temperature information needed for the ablation calculations, 
far too large for a design-oriented computer code. 
simple ablation code required the careful consideration of a number of alterna- 
tive simplifications in the surface state solution. Some of the more attractive 
simplifications examined were 

1. Ignore silica-carbon reactions. This removes parameter 4 and also 
greatly simplifies the chemical nature of the surface state solution. As men- 
tioned above, core-data -from References 2 through 4 do not actually substantiate 
the occurrence of extensive silica-carbon reactions, so this simplification 
seems justifiable. 

. - _  

2. Invoke either the fissure model or the inert injectant gas model of 
References 44 and 45. 
pyrolysis and reaction gases and thus effectively deletes parameters 2, 3 and 4. 
There is much experimental support for the belief that injected gases are effec- 
tively inert in the surface state solution 4 4 8 4 5 ;  however, one does not have to 
assume a frozen pyrolysis gas, necessarily, to achieve this result. This was 
illustrated in References 44 and 45 and wizl be demonstrated further in 

This suppresses chemical interactions with the injected 
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Section 5,4 of this report. There is no question that numerous fissures occur 
3 * the Apollo heat-shield material as demonstrated by the AVCO core studies 

However, it is unlikely that the effect of these fissures is such as to pro- 
hibit completely any mixing between the pyrolysis gas and boundary layer species, 

3 .  Simplify the thermochemical model of char erosion to account for car- 

This simplification has frequently been used in the past for 

Indeed, the core analyses of the Apollo material support this 

bon erosion only, treating the silica as chemically inert. 
parameter 6. 
carbon-rich silica-reinforced chars and has never really been shown to be in- 
appropriate. 

3 model . A study of several core results reported in Reference 3 showed that 
the increase in ash density below the heated surface mentioned previously often 
corresponds approximately to the amount of silica originally located in the 
eroded portion of the heat shield. 

This eliminates 

4.  Drastically simplify the coking model, perhaps by empirically adjust- 
ing the char density, or by allowing condensed phase carbon to appear in the 
pyrolysis gas but not to be deposited on the char. 

The best balance between the simplicity required of a design code and the 
detail required to model the most important physics .of the Apollo material re- 
sponse appears to justify the adoption of simplifications 1 and 3 from the list 
above. These simplifications eliminate the chemical influence of silica on both 
surface and in-depth ablation mechanisms and reduce the surface ablation prob- 
l e m  to one of carbon erosion in the presence of reactive pyrolysis gases. 

Elimination of silica-carbon reactions in depth and consideration of a 
carbonaceous surface leaves four parameters if coking kinetics are to be treated 
precisely (parameters 1, 2 ,  3 and 5 listed above). However, since reaction rates 
are not known anywFy, it was 'decided to employ a more global approach which has 
the decided advantage that it reduces the number of parameters to three. This 
is accomplished by assuming the composition of the pyrolysis gas & 
function of temperature and pressure only.* In particular, the pyrolysis gas is 
assumed to be frozen below a temperature TL and to be in equilibrium above a 
temperature TH. 
rolysis gas is assumed to vary linearly from the frozen composition at TL to 
the equilibrium composition at TH. With'& 
sure only,the composition of the pyrolysis gas is known if P and Tw.are known. 
Thus, as far as the surface chemistry tables are concerned, the only parameters 
which are required are P, B' and Tw. Note that for this purpose Tw is substi- 
tuted in place of the previously employed B;. 

to be a 
9 

A t  intermediate temperatures, the amount of carbon in the py- 

a function of temperature and pres- 
g 

g 

This approach has a powerful computational advantage in addition to the 
surface thermochemistry simplification noted above. Obviously, the assumption - 
The pressure is taken to be the boundary-layer pressure 'which varies with time; 
pressure is not permitted to vary in-depth in the present approach, 

-* . e - -- 
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of t h e  composition func t ion  & (T,p) e l imina tes  any d e t a i l e d  cons idera t ions  of 
coking k i n e t i c s .  
as w i l l  be  discussed i n  detai l  below. 

9 
"Coking" i s  computed merely by reference t o  t h e  Gg(T ,p )  c h a r t ,  

While t h i s  model i s  c e r t a i n l y  very d e s i r a b l e  from a computational po in t  

3 
of view, it has m e r i t  on ly  i f  it rep resen t s  t h e  known physics adequately,  
r a t h e r  ex tens ive  study of t h e  F l i g h t  AS 501 core  eva lua t ion  performed by AVCO 

was made which suggested t h a t  coking t y p i c a l l y  starts a t  2250'R and is completed 
by 3600'R. Note t h a t  t h i s  temperature range i s  i n  s u b s t a n t i a l  agreement wi th  
t h e  core  summary c h a r t  prepared by AVCO (Fig. 33). 

A 

I n  o rde r  t o  complete the  model, it i s  necessary t o  allow f o r  the  d ispos i -  
t i o n  of s i l ica  as t h e  su r face  recedes. 
AVCO ash p r o f i l e  da t a  t o  be some evidence f o r  t h e  buildup of s i l i ca  within the  
char  l a y e r ,  t h i s  da t a  is somewhat quest ionable  as mentioned previously and thus  
does not  warrant  t he  development of such a model. Therefore, i t ' w a s  decided t o  
let. t h e  s i l i ca  be removed mechanically (with no n e t  energy absorpt ion)  as sur-  
f ace  carbon is eroded. 

While t h e r e  seems on t h e  basis of t h e  

* 

The appropr ia te  values  of py ro lys i s  gas carbon f r a c t i o n  ZC and enthalpy 
h i n  the equi l ibr ium regime (T > 3600'R) were determined with t h e  ES? program 
operated i n . a  conventional closed-system mode (see Appendix A ) .  Calculat ions 
w e r e  performed f o r  a gas  mixture wi th  t h e  chemical composition of t he  f rozen  
pyro lys i s  gas  (see Table 14); any carbon present  i n  excess of t h a t  required f o r  
equi l ibr ium p r e c i p i t a t e s  'Gut, and t h e  r e s idua l  gas composition i s  t h a t  which is 
'in equi l ibr ium w i d  carbon a t  the  pressure 'and  temperature considered. The re- 
su l t i ng .  equi l ibr ium values  of ? and h are presented i n  Figures  34 and 35, 
respec t ive ly .  Also shown i n  Figure 34 is the  f rozen  value of EC 'appl icable  a t  
temperatures below 1250'K (2250'R) and the  assumed l i n e a r  decrease i n  carbon 
content  i n  t h e  coking region from t h e  frozen condi t ion  a t  1250'K t o  the  e q u i l i b -  

w a s  taken-to be the same as t h a t  employed i n  previous s tud ie s  

g 
9 

cg g 
g 

.rium condi t ion  a t  2000°K (3600'R). The h i n  the  frozen pyrolysis-gas region 
.. . 9 44 . 

Analysis and programming developments t o  implement t h i s  in-depth (sub- 
surface)  model used t h e  e x i s t i n g  CMA code as a basis.' The r e s t r i c t i o n  of coking 
events t o  2250'R and above made it f e a s i b l e  t o  consider  coking as occurr ing only 
in the "mature char" po r t ions  of t h e  material, thus  separa t ing  t h e  pyrolysis-  
events computation from t h e  coking ca l cu la t ions  and s implifying t h e  coding s t i l l  
fu r the r .  Coking mass-balance operat ions are s impl i f i ed ,  as noted above, by the  
use of t h e  & (T,p) func t ion ;  t h i s  allows coking rates t o  be determined by s i m -  

g 
ple re ference  t o  t h e  cc 
the l o c a l  rates of gas  flow. 
m o r e  complex, are treated i n  the  same general  mannex. The nodal energy balance 

table appropr ia te  t o  each node, with due reference t o  g 
Energy events  assoc ia ted 'wi th  coking, although 
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operations when coking occurs are quite similar to those in the existing 
program, and only minor coding changes were required to allow coking to be 
considered. The analysis is discussed in Section 5.2.2 which follows. The de- 
tails of the coding changes to permit coking are presented in Appendix A. 

.c-- 

5.2.2 Details of Analysis Modifications 

a. Mass Balance Operations 

Differential Equation 
- -  

The differential equation for mass conservation during coking de- 
rives from the. physical situation 

. .  

. 
xu- 
gY 

Y 

illustrated in the sketch: 

. m 
gY+dY 

- .  

. Here & describes the &tal gas flow (lb/sec) at a point y. 
g 
Since carbon is the material being transferred or "coked", it is desired 

to write a- "conservation of carbon" law. The rate of carbon flow in and out of 
the carbon volume is given by 

Carbon in = 
- - -- - _ _  

Carbon out = 

Also the rate of change 

-, 

Kc mgy. 
gY 

of local char density is given by 

a i  
7$+ & 

carbon in - carbon gY 
volume . A  . 

(491 

(50) 

where A is the local cross-section area. The conservation of mass gives 
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Subs t i tu t ion  of Equation (51) into Equation (50) gives  

which s i m p l i f i e s  to  the des i red  r e l a t i o n  

" 

Difference Equation 

. An appropriate  d i f fe rence  vers ion of Equation (53) f o r  use i n  t h e  
CMA code may be obtained e i t h e r  from a d i f fe renc ing  of Equation (53) or from 
an independent der iva t ion  analogous t o  t h a t  leading t o  Equation (53). The sec- 
ond procedure i s  genera l ly  safer. Consider t he  f i n i t e  d i f fe rence  node n and 
surrounding nodes n-1 and n+l  as i l l u s t r a t e d  i n  t h e  sketch: 

The rate of carbon flow i n  and o u t  of t h e  node i s  given by 

" 

KC carbon i n  = m 
gn+l 9,+1 

. "  
carbon o u t  = m K 

gn cgn 

(54) 

( 5 5 )  

. .  ' .  . 
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ence 
7 

e a . -  m, 

- m  R 
'n 'gn 

KC = carbon i n  - carbon o u t =  m 
gn+l gn+l  

mcoke 

The conservation of mass gives 

. 

or 

* 0 . - mcoke m = m  
gn gn+1 

Subs t i t u t ion  of Equation (58)  i n t o  Equation (56) y i e l d s  

. . .., .* - 
';lcoke) KC - (xi3 

%+I gn 
= m  %eke 

. 
which g ives ,  a f t e r  rearrangement 

0 - - 
mcoke 

1 .  

The dens i ty  change rate for  node 

(56) 

( 5 7 )  

(58) 

..a 

(1 - KC 1 
gn 

n of thickness  dn  i s  

which is the d i f f e rence  analog of Equation (53). 
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b. Energy Equation 

The energy equation does not  change from the  q u i t e  general  energy 
equation b u i l t  i n t o  t h e  CMA code' as reported i n  Reference 7 except i n  one minor 
detail .  This equation, repeated for  convenience,* 

may be.viewed as a "conservation of sens ib le  energy" equation a t  constant  x, 
and thus has a c lose  r e l a t i o n  with t h e  usual f o r m  of energy equations i n  appl i -  
ca t ions  including chemical changes. The second t e r m  on the  r i g h t  hand side 
represents  t h e  "crea t ion  of s ens ib l e  energy" due t o  pyrolysis .  

. 

The one change required t o  change t h i s  equation fuom-a "pyrolysis equa- 
t ion"  t o  a'"coking" equation merely changes 
carbon) i s  t h e  enthalpy associated with a u n i t  m a s s  of coking. 

t o  hc* where hC* ' ( t h e  enthalpy bf  

The d i f fe rence  form of the  energy equation, also reported i n  Reference 7,  
na tu ra l ly  has the-same form i n  t h e  coking zone. 

c.. Coked Zone Proper t ies  

The ana lys i s  changes described above t o  add coking events t o  the CMA 

. the code so as ta  include t h e  coked zone proper t ies  i n  a real is t ic  manner. The 
.code l o g i c a l l y  required..some extension t o  the  treatment of property values i n  

coking zone s p e c i f i c  hea t  may r e a l i s t i c a l l y  be treated as  a s t r ightforward m a s s -  
weighted average of t h e  s p e c i f i c  heats f o r  s i l i c a  and carbon. N o  such simple 
r u l e  may be suggested f o r  t he  thermal conduct ivi ty  of the coked material. I n '  
t h e  absence of a reliable t h e o r e t i c a l  model f o r  the thermal conductivity of a 
heterogeneous composite, t he  u s e r  i s  allowed t o  spec i fy  the  conductivity of 

- .  "coked - char"  - _ _  as a func t ion  __ . of dens i ty  and temperature. - -- . __ 

5.3 MATERIAL THERMAL PROPERTIES MODEL 

The thermal p rope r t i e s  used i n  the  present  study f o r  t he  Apollo hea t  
sh i e ld  v i r g i n  material and char are presented i n  T a b l e s  16 and 17, respect ively,  

t 
The symbols x and y both r e f e r  t o , t h e  coordinate normal t o  t h e  ab la t ing  
surface;  x is f ixed t o  t h e  receding-surface and y is f ixed i n  space rela- 
t ive t o  t h e  back w a l l .  
u n i t  mass change i n  condensed phase i n  the pyrolysis. zone. . 

The symbol h i s  the  enthalpy associated with a 
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as €unctions of temperature. 
a t  high temperature (above 2660°R) ,  these data are identical  t o  those considered 
i n  a previous study e 

W i t h  t h e  exception of char thermal conduct ivi ty  

44  

TABLE 16 

VIRGIN PLASTIC THERMAL PROPERTIES 

T 
. OR 

460 

560 

660 

760 

860 

960 

1,060 

1,1‘60 

1,260 

1,360 

1,460 

5,000 

CP 
Btu/lbo R 

0.350 

0.350 

0.356 

0.360 

0.370 

0.420 

0.440 

0.440 

0.440 

0.440 

0 .440  

0.440 

k 
Btu/f t seco R 

1.33 

1 . 6 1  lo-’ 
1.83 IO-’ 

1.97 IO-’ 

2.00 

1 .94  x’ IO-’ 

1.83 

1.83 

1.89 lo-’ 

2.03 IO-’ 

1.86 x lo-’ 

2.03 x lo-’ 

E 

0.65 

0.65 

0.65 

0.65 

0.65 

0.65 

0.65 

-0.65 

0.65 

0.65 

’0.65 

0.65 

Virgin p l a s t i c  and char s p e c i f i c  heat  d a t a  are the same as those used as 
of March 1968 i n  t h e  NASA/MSC STAB I1 code f o r  t h e  Apollo material47. 
and char e m i s s i v i t i e s  are held constant  a t  0.65 cons is ten t  with t h e  d a t a  of Ref- 

Virgin 

erences 48 and 49.* The thermal conductivity of t h e  v i r g i n  p l a s t i c  is  based on 
AVCO laboratory tes t  d a t a  presented i n  Reference 2. 
t i v i t y  is also based OR these da t a ,  in te rpre ted  i n  t h e  l i g h t  of a series of 
driver-temperature f l i g h t  predict ions presented i n  Section 5.4. 

The char  therinal conduc- 

The AVCO tests demonstrate t h a t  t he  char conductivity i s  s t rongly depen- 
den t  upon t h e  h ighes t  temperature which t h e  char  ’has previously experienced, 
the so-called pre-char temperature. For example, t h e  conductivity a t  a temper- 
a ture  of 3000OR is subs t an t i a l ly  reduced i f  t h e  char  has previously experienced 
a temperature of 4500OR or above. The envelope o f  t h e  AVCO cdnductivity c h a r t s  

*Emissivity da ta  f o r  t h e  Apollo material presented i n  Reference 3 would suggest 
a somewhat lower value a t  temperatures above 2000OR. 
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T 

OR 

460 
860 

1,060 
X , 360 
1,460 
1,710 
1,860 
2,060 
2,260 
2,460 
2,660 
2,860 
3,060 
3,260 
3 , 460 
3,660 
3,860 
4,060. 
4,260 
4,460 

-----4 66 0 
4,860 
5,060 
5,260 
5,660 
5,860 
6,060 
6 , 460 

TABLB 17 

CHAR THERMAL PROPERTIES 

cP b 

Btu/lb OR 

0.35 
0.35 
0.35 
0.37 
0.40 
0.45 
0.50 
0.50 

0.50 

k 

Btu/f t sec OR 

1.33 x io-’ 
2.00 io-’ 

1.94 x io-’ 
2.03 io-’ 
2.89 io-’ 
4.03 x io-’ 
6.81 x IO-’ 
1.00 iou4 . 
1.16 io-” 
1.38 x io-‘ 
1.27 x 
1.11 lo-“ 
9-00 IO-’ 
1.93 IO-’ 

2.18 
2.22 IO-‘ 
2.20 x IO-’ 
2.08 lo-’ 
1.94- x io-’ 
1.82 IO-’ . 

1.86 x 

2.08 x’ IO-’ 

8.5 x lom6 
7.4 x 
4.0 x 
2.1 x 
1.5 x 
7.0 lo-’ 

E 

0 .65  

0.65 
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(i.e., when the pre-char temperature is equal to the char temperature) is appro- 
priate to use prior to the first.peak heating in a typical Apollo reentry tra- 
'jectory, but as demonstrated in Section 5.4 leads to substantial errors later 
in the trajectory when char-layer temperatures drop substantially. The driver 
temperature calculations indicated that reasonable accuracy can be obtained 
while considering only temperature (and not pre-char temperature) as a parameter 
by considering the envelope values at temperatures below 2660'R and "averaged" 
values at higher temperatures. It is these latter values which are presented in 

Table 1.7. _- 

The pyrolysis gas enthalpy was presented previously Zn Figure 35 as a 
function of temperature and pressure. The values at temperatures below 2250'R 
are representative of the frozen pyrolysis gas, the values at temperatures above 
3600'R are.based on equilibrium for a gas with the composition of Table 14 ex- 
cept for the carbon content which is obtained 'from Figure 34. 
gas enthalpies at intermediate temperatures are obtained by interpalation be- 
tween these two extremes. 

The pyrolysis 

Heats of formation of the virgin plastic, char, and pyrolysis gas for a 
datum'of 536'R are 

= -2,390 BtU/lb 
Vp 

AHf 

-3,310 BtU/lb AHf 

. AHf ~ = 0 
P9 

5.4 DRIVER TEMPERATURE CALCULATIONS 

An evaluation of the in-depth thermal response model of the Apollo mate- 
- rial presented in Sections 5.1 through 5.3-was carried out utilizing the "driver 
temperature" option of the Charring Material Ablation (CMA) program (see Appen- 
&ix A ) .  

couples from Apollo flights AS 501 and AS 502. 
are identified in Table 18. 

Driver temperature. calculations were performed for several thermo- 
The specific cases considered 

- 
. -  

Initially Cases 1 through 3 were considered using the "envelope" values 
for char thermal conductivity. The results are presented in Figures 36a and 
36b for Body Points 705 and 707, respectively. It can be seen that the pre- 
dicted in-depth temperatures agree quite well with. the flight data prior to 
peak heating for all cases and agree reasonably well .(within.20O0F) throughout 
the flight for Case 2. The agreement is not as good for the other two thermo- 
couples which, being nearer the surface, were subjected to higher temperatures. 

. .  
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TABLE 18 

RY OF DRIVER TEMPERATURE CASES 

Case Flight 

AS 562 

AS 502 

AS 502 

AS 502 

AS 501 

AS' 501 

Body Point 

705 

705 

707 

707 

705 

705 

Driver Thermocouple 
(Depth from Surface, in) 

0.10 

0 .30  

0.02 

0.15 

0.10 

0.30 

In particular, the in-depth temperatures are substantially overpredicted after 
the first peak heating. Although it is impossible to isolate and identify all 
the factors which contribute to the disagreement, it is reasonable to expect 
on the basis of the AVCO conductivity charts that the unrealistically high 
thermal conductivities in the outer (previously hot) parts of the ablator are 
a major contributor to the overprediction of in-depth temperatures. 

Modification. of the CMA program to permit "pre-char" temperature as a 
parameter would be rather extensive and was considered to be beyond the scope 
and intention of the present study. Therefore, a simpler,' although cruder, 
method was adopted where an effective temperqture-dependent char conductivity 
was sought by trial-and-error which would yield acceptably small errors. Guided 
by the AVCO charts, the char. conductivity was reduced at temperatures above 
2660OR from the envelope values to the values presented in Table 17. 

Predicted in-depth temperatures using these effective char condyctivi- 
ties are shown in Figure 37 for Cases 1 and 2, Figure 38 for Cases 3 a d  4, 
and Figure 39 for Cases 5 and 6. Substantiai improvement was obtained-for Case 
1 where the maximum driver temperature is 3800'R. The results for Case 2 are 
virtually unchanged, and thus remain satisfactory, since the maximum tempera- 
ture is only 2800'R. The results €or Cases 4, 5, and 6, with maximum tempera- 
tures of 3500, 4200, and 3300'R; respectively, are also quite satisfactory. The 
agreement in Case 3,with a "measured" peak temperature of 5500°R, is still not 
good. However, there is evidence that this thermocouple (originally 0.02'' from 
the surface) broke through the surface fairly early in the flight and may be 

I -.- _- . _ _  __ - 
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registering an inaccurate (if not meaningless) temperature response thereafter.* 
The present disagreement was therefore disregarded in judging the merits of the 
thermal properties model. 

In conclusion, the thermal properties model described in Section 5.3 is 
judged adequate for the present purposes. While some Siner tuning, probably 
with the inclusion of pre-char temperature as a parameter for char conductivity 
and specific heat, might be in order for an actual design study, the present 
accuracies (nominally 200°R or better) are satisfactory to provide an estimate 
for in-depth thermal analysis for the present purposes. 

_- 

5.5 SURFACE THERMOCHEMICAL ABLATION MODEL 

A comprehensive study of Apollo material ablation mechanisms.was pre- 
sented in Reference 4 4 .  Several surface thermochemical ablation models were 
postulated.and compared to available ground and flight test .data. Some of the 
more important parameters considered in the ablation analysis included various 
degrees of pyrolysis-gas reactivity, in-depth coking, mechanical removal of 
silica and/or silicon carbide), loss of pyrolysis gas through fissures which 
develop in the chars, 
face 'chemical reactions. 
best also.provided the best correlation for the ground test data. This model had 
the following major features. First, it assumed'that.the pyrolysis gases es- 
cape for the most part out of the boundary layer without contributing to a 

an empirical Arrhenius-type law was employed. This was not included as a chem- 
ical kinetic law, but rather as a law for the mechanical removal of silica. At 
higher surface temperatures, the surface recession was limited by the avail- 
ability of oxygen (diffusion-controlled carbon ablation regime). The oxygen 
supplied by the boundary-layer edge gas was supplemented by oxygen in the 
silica. Finally, at very high temperatures, carbon reactions with nitrogen 
and carbon sublimation became important. 

selection of this surf ace thermochemical ablation model. 

and rate-controlled as well as diffusion-controlled sur- 
The model which appeared to correlate the flight data 

. blowing reduction to the' convective heat transfer . At low surface temperatures, 

There were a number of interrelated factors that contributed to the 
Briefly, it was seen 

that: the correlation of ground and flight test data required the following 
considerations: - 
No ablator core measurements were available in the Apollo 6 Mission report, but 
estimates of the ablator recession and char thickness at various body points 
were made. The estimated total recession was 0 . 0 5  inch for Body Point 707. 
The calculations performed in the present study predict breakthrough of the 
0.02 inch thermocouple at 90 seconds, with a total surface recession of 0.079 
inch (see Section 6.2). 
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1. It was necessary to choose a model where the pyrolysis gas did not 
play a major role in reducing the surface ablation rate at temperatures above 
360OOR or so, This required consideration of equilibrium coking (so that the 
pyrolysis gas is in equilibrium with the char when it reaches the surface), a 
frozen pyrolysis gas, or a pyrolysis gas which does not mix with the boundary- 
layer gases (achieved through the "fissure" model mentioned above). 

2. It was necessary to consider some form of an empirical ablation law 
atTw below 3600OR or so to reduce ablation rates below those which would be 
predicted for diffusion-controlled carbon oxidation as a consequence of the 
competing mechanisms of mechanical removal of silica, silica-carbon reactions, 
and nonequilibrium pyrolysis gas effects. 

. .  
3. It was necessary to consider a model where the pyrolysis gas did not 

contribute to a large reduction in convective heating rate. 

In the Reference 4 4  studies the third factor could be realized only 
through adoption of the "fissure" model. While fissures are known to occur in 
Apollo material chars3, it seems unlikely that they would prohibit entirely any 
mixing of the pyrolysis gas and boundary-layer gas as presumed in the fissure 
model. Therefore, with the improved convective heat- and mass-transfer coeffi- 
cient correlations presented in Section 3.3.1 (which were surprisingly Cifferent 
from the values used in the Reference 44 studies) and wlth the inclusion of cok- 
ing, it seemed appropriate to consider first the other extreme case where the 
fissures are assumed to have negligible effect on the pyrolysis gas flow' (i.e., 
a coking nonfissure model in the terminology of Reference 4 4 ) .  A partial-fissure 
model could then be developed if deemed appropriate on the basis of flight pre- 
dictions. This approach was adopted and, as will be shown in Section 6, the 
coking nonfissure model has proven to be satisfactory without further modifica- 
tion. 

W i t h  regard to the second factor listed above, utilization of the in-depth 
coking model described in Section 4.2 has made it possible to eliminate the use 
of any special rate law such as the silica mechanical-removal rate law of Refer- 
ence 44. 

as a consequence of reactive pyrolysis-gas effects. .In particular, study of 
surface thermochemistry ablation tables generated with the EST program for the 
coking nonfissure model (presented later in this section) indicated the following: 

It has been seen that the equivalent of a rate law arises naturally 

1. At wall temperatures below 2250°R, the surface recession is predicted 
to be zero for normalized pyrolysis gas rates B' of 0.6 or greater. This is a 4 
consequence of the fact that the pyrolysis gas is considered to be frozen in 
depth (see Figure 34) but to achieve equilibrium in the boundary-layer, the 

122 



excess carbon in the pyrolysis gas thus exhausting the oxygen which diffuses 
across the boundary layer, This happens Lo be consistent with the surface tem- 
perature at which Apollo material ablation has been observed to begin to occur, 
For example, ablation is limited to temperatures greater than 2235'R in Refer- 
ence 46. 

2. Plateau behavior for BA versus Tw is predicted to occur for T, above 
This results because the pyrolysis gas is considered to achieve equilib- 3600OR. 

rium with the char in depth (see Figure 3 4 ) .  As mentioned previously, this is 
consistent with the T, above which plateau behavior has been observed in ground 
tests (see, e.g., Figure 61 and remarks on page 110 of Ref. 2). 

3. At wall temperatures between 2250'R and 3600°R, the B& are predicted 
to rise from zero to the plateau value as the amount of excess carbon in the 
pyrolysis gas drops from the frozen pyrolysis gas value to zero (see Figure 3 4 ) .  
It may not be fortuitous that this rise is in substantial agreement with ground 
test data for values of BA of 0.6 to 1.0, the values typically experienced in 
ground tests I .  

4 4  

On the basis of these observations it seemed appropriate to employ the 
diffusion-controlled coking, surface thermochemistry snap with no further develop- 
ment of an empirical rate law. As mentioned previously, comparison of predic- 
tions with flight data presented later in this report are sufficiently good to 
suggest that this approach also is satisfactory. 

Surface thermochemical ablation tables were obtained with the EST program 
modified to include an assigned temperature open-system (surface ablation) cal- 
culation. The requisite modifications are discussed in Appendix A. The pyroly- 
sis gas wi?s considered to be reactive and the pyrolysis gas carbon fraction was 
considered to be a function.of temperature as obtained from the. closed-system 
pyrolysis-gas calculations (Figure 3 4 ) .  Unequal diffusion coefficients were 
considered in these calculations. 

The resulting values for normalized char recession rates are shown as a 
- -.- - - 

function of-wall temperature for several pressures and normalized pyrolysis gas 
rates B' in Figure 40. 
(3600OR) correspond to equilibrium coking; the solutions below 1250'K (2250OR) 
correspond to a pyrolysis gas which is frozen in depth but which achieves equi- 
librium at the surface with the char and boundary-layer gases: and the solutions 
between 1250 and 2000°K correspond to nonequilibrium coking in depth with the 
achievement of equilibrium at the surface. 

As mentioned previously, the solutions above 2000°K g 

In order to better understand these results, it is best to look first 
at the B' = 0 result which corresponds to the case where there is no pyrolysis 

9 
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x 
gas. 
high temperatures where sublimation becomes important.  As B' is increased ,  t h e  
Bi is seen t o  be f i r s t  increased i n  t h e  equi l ibr ium coking region and then de- 
creased a t  very high temperatures, and t o  decrease i n  the  nonequilibrium coking 
and frozen pyro lys i s  gas regions,  The reason f o r  t h e  increase  i n  B& a t  moder- 
a t e l y  high temperatures can be a t t r i b u t e d  pr imar i ly  t o  r eac t ions  of carbon with 
hydrogen and ni t rogen.  The decrease a t  low temperatures can be a t t r i b u t e d  t o  
the f a c t  t h a t  t he  py ro lys i s  gas conta ins  carbon i n  excess of  t h a t  required t o  
achieve equi l ibr ium wi th  the  carbonaceous char. 
temperatures and l a r g e  values  of B' is  t h e  r e s u l t  of p r e f e r e n t i a l  d i f f u s i o n  of 
hydrogen away from t h e  sur face  leaving an excess of carbon from t h e  py ro lys i s  
gas i n  t h e  v i c i n i t y  of t h e  w a l l  ( t h e  ca l cu la t ions  performed t o  obta in  the  car- 
bon content  of t he  coked pyro lys i s  gas as it approaches the  su r face  consider  
equal d i f f u s i o n ) .  
pera tures  higher than those experienced during t h e  Apollo f l i g h t  pred ic t ions ;  
hence, it w i l l  not  be discussed f u r t h e r  here. 

I t  can be seen t h a t  t h e  t y p i c a l  carbon p la teau  behavior 

5J 

p e r s i s t s  t o  

The decrease i n  Bh a t  very high 

9 

This  l a t t e r  phenomenon i s  predic ted  t o  occur a t  sur face  t e m -  

5.6 SUMMARY OF MATERIAL RESPONSE MECHANISM STUDIES 

.As can be seen from the  d iscuss ion  i n  t h e  preceding subsect ions,  t h e  
se l ec t ion  of Apolls material in-depth and sur face  ablagion models is s t i l l  no t  
s t ra ightforward i n  s p i t e  of the  l a rge  number of ground tests, t h e  r e l a t i v e l y  
la rge  amount of recovered f l i g h t  data, exce l l en t  and detailed laboratosy analy- 
ses of f l i g h t  and laboratory-produced chars,  and c a r e f u l  and comprehensive 
t h e o r e t i c a l  analyses.  In  b r i e f ,  t he re  are a number of . i n t e r r e l a t ed  and complex 
phenomena which take  p lace  i n  t h e  char layer  and a t  the  sur face  which are not  
amenable t o  d e t a i l e d  a n a l y t i c a l  t reatment  using ava i l ab le  da ta .  

While it w a s  no t  a primary objec t ive  of t he  present  study t o  improve the  
material response model, it w a s  f e l t  t h a t  some e f f o r t  should be expended i n  t h i s  
d i r ec t ion  i n  order t o  provide a better base l ine  f o r  the eva lua t ion  of f l i g h t  __ 
data.  I n  p a r t i c u l a r ,  calor imeter  data from t h e  Apollo f l i g h t s  w e r e  t y p i c a l l y  
not  very usefu l ;  hence, the test of t h e  aerothermal environment.procedures de- 
veloped i n  previous sec t ions  u l t imate ly  rests on t h e  a b i l i t y  to  p red ic t  in -  
depth temperatures and t o t a l  sur face  recession. 

On t h e  bas i s  of a thorough evaluat ion of a l l  ava i l ab le  f l i g h t  data, labo- 
ra tory  data, and previous a n a l y t i c a l  e f f o r t s ,  it w a s  decided t o  inciude an in-  
depth coking model, t o  ignore t h e  e f f e c t s  of si i ica i n  both t h e  in-depth and 

* T h i s h e  cont r ibu t ion  of carbon t o  the  BA; thus. is determined using t h e  
densi ty  of carbon i n  t h e  sur face  node. 
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surface ablation phenomena, to neglect the effects of fissures in the char on 
the flow of the pyrolysis gas through the char and into the boundary layer, and 
to consider a surface thermochemical boundary condition including reactive py- 
rolysis gas effects. This model has a major distinguishing characteristic that 
the carbon content of the pyrolysis gas is considered to be a function of tem- 
perature and pressure; as the pyrolysis gas percolates through the char it is 
considered to be frozen at temperatures below 2250°R, to be in equilibrium with 
carbon at temperatures above 3600°R, and to undergo nonequilibrium coking at 
intermediate temperatures. In all cases, the pyrolysis gas is considered to 
equilibrate with the char and boundary-layer gases at the surface. As a result, 
the excess carbon in the pyrolysis gas in the frozen and nonequilibrium pyroly- 
sis gas regimes reduces. ablation rates from carbon plateau values in the equi- 
librium regime to zero in the frozen pyrolysis gas regime; this behavior is seen 
to be in substantial agreement with ground test ablation results. Whether or 
not reactive pyrolysis gas effects are indeed the primary physical cause for the 
observed decrease in ablation rates at surface temperatures below 3600OR is not 
known; it seems just as likely that the decrease could be the result of inhibi- 
tion of carbon ablation due to the presence of condensed-phase silica. 
this reason, the reactive pyrolysis gas surface thermochemical ablation model 
is presently looked upon as a convenient empirical relation in the low surface 
temperature regime. 
believed to represent well the most important physical phenomena. 

For 

With this one possible exception, the present model is 

Driver temperature calculations performed for several flight thermocouple 
traces yielded satisfactory results. 
yield satisfactory predictions for surface recession and in-depth.carbon pro- 
files as well as in-depth temperature profiles. 
and surface ablation models are judged to be adequate. 

Flight predictions presented in Section 6 

Hence, the present in-depth 
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SECTION 6 

PLIGHT PREDICTIONS 

The various computational procedures and techniques described in the 
previous sections were applied to a series of orbital and superorbital velocity 
unmanned Apollo flights. 
6.1. The results are presented in Section 6.2, and the conclusions.are sum- 
marized in Section 6.3. 

The approach which was taken’is described in Section 

6.1 APPROACH EMPLOYED FOR FLIGHT PREDICTIONS 

A tota1,of seven flight predictions were performed for various body 
points in the unmanned Flights AS 202, AS 501, and AS 502. The basic charac- . 
teristics of these-flights are summarized in Table 19’together with those for 
the first manned orbital flight (AS 205 - Apollo 7) and the first manned lunar 
flight (AS 503 - Apollo 8). The q and Q values shown are the peak heating rate 

TABLE 19 

APOLLO MISS ION SUMMARY 
.. 

and the integrated total heating at the NASA/MSC reference station Z/R = 0.9875. 
It can be seen that Flight AS 202 is an orbital mission somewhat more severe 
than the ApollO 7 flight, and that AS 501 and AS 502 are simulated lunar return 
missions which are, respectively, more and less severe than the manned Apollo 8 
lunar return flight. Further information regarding these flights can be found 
in the Apollo Mission Reports 50-52 , 
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The specific body points which were considered are identified in Table 
20, together with a brief summary of the basic heatfng environment, the instru- 
mentation which provided useful information, and the primary purpose for the 
selection of the body point. The selection of the seven cases listed in Table 
20 was based on these criteria: 

1. To provide a systematic and sequential assessment of various aspects 
of the theory used in making the predictions 

2. To provide tests of the theory over a wide diversity of flight condi- 
- . tions and body locations 

3. TO concentrate on those flights and body locations where the flight 
conditions are accurately known and good quality data were obtained. 

With regard to the instrumentation employed, the following items are 
worthy of note: 

1. 

, .  

-2. 

3. 

. 4 .  

5. 

The thermocouples employed near the surface were designed such that 
they are expected to provide a reasonable assessment of the surface 
temperature once the char has ablated to the thermocouple depth. 
These "consumable" thermocouples are described in Reference 53. 

The char sensors provided an indication of the, char layer thickness 
throughout the flight. 

The wafer calorimeters consisted of several graphite wafers stacked 
to allow removal of single wafers by aerodynamic forces when the 
surrounding heat shield material has receded. .' These calorimeters 
provided useful information only during the early portion of the 
trajectory - prior to significant ablation. 
The asymptotic calorimeters, tailored in design to measure low heat- 
ing rates, performed well where employed. 

The core analyses consisted of profiles of density, elemental compo- 
sition including ash content, weight loss, thermal properties, and 
postulated maximum temperatures as well as core'surface.recession, 
char layer thickness, and decomposition layer thickness. 

Further information regarding the instrumentation can be found in the Apoilo 
Mission Reports 50-52 and in Reference 54.  

I .  

The 
mation: 

1 .- 
generation of a CMA flight prediction 'requires the following inf or- 

.+ . .  
~. *I.  .. ,. ... . 

The reaction kinetic constants for virgin material decomposition - 
values presented in Section 5.1were employed. . .  

. .  
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terial thermal p rope r t i e s  - values presented i n  Section 5.3 w e r e  
I 
employed 

Pyrolysis  gas  sens ib le  enthalpy and carbon f r a c t i o n  - values pre- 
sented i n  Figures 35 and 34 were employed.' 

3 .  

4. Time-dependent boundary conditions 

a. Recovery enthalpy - taken as to ta l  enthalpy, cons i s t en t  with 
, c o r r e l a t i o n  Equation (23)' 

b, Radiation heat  rate - taken from NASA/MSC r a d i a t i o n  heat ing fac- 
tors  and reference heating condi t ions (see 'Sect ion 4 )  

Heat-transfer c o e f f i c i e n t  - obtained f r o m  convective-heating 
c o r r e l a t i o n s  presented i n  Section 3.2 and summarized i n  Sect ion 
3.4: 

i - Stagnation-point 'value - obtained from Figure 1 0  f o r  appro- 

- Correction f o r  body poin t  loca t ion  for laminar flow F1 - 
obtained from t h e  NASA/MSC convective heat ing f a c t o r s  
(e.g., Figure 8 1 ,  corrected for  the  change i n  reference 

% condi t ion F2 (Figure 9), and corrected f o r  f l i g h t  condi- 
t i o n s  F3 (Figure 1 2 ) .  

obtained from Figure 1 4 .  (The subjec t  of t r a n s i t i o n  and 
turbulen t  flow w i l l  be discussed later i n  Section 6.2.433. 

c. 

p r i a t e  t o t a l  enthalpy and pressure 

i l i  

iii - Cokrection f o r  turbulent  flow (when appropriate)  F4 - 

iv 

Pressure - obtained from NASA/MSC pressure f a c t o r s  (see Sect ion 
2.0) and cur ren t  s tagnat ion pressure.  

- Correction f o r  w a l l  temperature F5 - neglected 

d, 

e. Edge molecular weight - obtained f r o m  EST ca lcu la t ions .  

The time-dependent boundary conditions ac tua l ly  used i n  the  CMA 

ca lcu la t ions  are presented i n  T a b l e s  21a through 21g f o r  t h e  seven 
cases, The var ious convective heat ing f ac to r s ,  r ad ia t ion  heat ing 
f a c t o r s ,  and pressure ra t io  f a c t o r s  employed i n  s e t t i n g  up these  
tables are summarized i n  Table 22.  

- _ _  

5 .  Blowing reduct ion parameters - taken f r o m  Equations (29) and (31) 
for and A H ,  respect ively.  

ported i n  Sect ion 5.5 - see Figure 40.. 
6 .  Surface thermochemistry tables - obtained'from EST ca lcu la t ions  re- 
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TABLE 21 

TIME-DEPENDENT BOUNDARY CONDITIONS USED 
IN CMA FLIGHT PREDICTIONS 

(a) Case 1 - Flight AS 202, Body P o i n t  Z71,YO (705) 

PROU 
OPTN 

11.50 
21.50 
31 050 
51 050 
61 e 5 0  
71050 
81oSO 
91.50 

101 .so 
121.30 
.)51 .so 
181 050 
201.50 
221.50 
251 .SO 
301.50 
341.50 
401.50 
.451.50 

, 491.so 
551 050 
61 1.50 
67 1-30 
731.50 
791.50 
851 .so 
913.50 
1000.00 
1100.00 I 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

SECOND 1 
- 0  00 
- 0  0 0  
0.60 
-000 
-000 
081 

1060 
d o  I D  
4.00 
4 0 Y G  
So30 
5050 
4.70 
3-60 
L o 4 0  
1.40 
1.70 
lob0 
1.70 
I.50 
070 

-000 
-000 
-000 
- 0  00 
- 0 0 0  
-030 
-000  
-.oo -. 00 

nkA T 
COEFF 

(Ltr/SQ FT- 
StCOFJL)) . 0000s8 
0 ~ 0 0 0 7 6  
0000114 
0000164, 
000U307 
a 00053‘+ 
.U007Yi 
0 0 0  1140 
. U O l S t J O  . 00LOt30 
.003lH0 
004700 . o o 3 o z o  

*00+5PO . UOJYLO 
oUUr750 
.001930 .. 00 1 750 
.OOL19’0 

I f O J b l O  
0.05220 

e 006250 
005520 
.00>160 

0 i ) S S L i )  
000L910 
000641U . 0 101 00 
0 0 1 d 6 0  0 
.u13ouo * 

I 

PKESSURE 

( A T M I  

.GOO008 

.00001h 
* 0 0 0 0 4 1  
0 000090 
000450 

* 000970 
.002120 
.004280 
*008160 
.014100 
0032t)OO 
e OOY300  
0 0 76900 
06.3500 
*046000 
*U26200 
0 0  I1600 
060d460 
* U 14600 
U3820U 

e 078400 . 1 1  1000 
0094000 
A05000 . OdO200 
*U41000 
.d43000 
0 6 O L O O O  
.436000 
1.0000.00 

. .  

EDGt 
NOLECULAh 
MtIGHT 

14.87 
14.36 
14.96 
15.04 
15.13 
1s. l Y  
15.26 
15.33 
15.40 
15.43 
15.70 
16034 
17.24 
1707Y 

18059 
18-64 
19.03 
1901b 
19.84 
20095 
23 o 62 
26.34 
29.01 
2900b 
29.08 
Z500d 
29.08 
29.06 
29.08 

18.21 

- _ _  - 
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. TABLE 21 (CONTINUED) 

6.50 
14 50 
26.50 
36 50 
46.50 
56.50 
66.50 
76.50 
86 50 
96-50 

106.50 
116.50 
136.50 

196.50 
226.50 
266 0 SO 
296 .5~  
326050 
36605b 
424.50 
506050 
566.50 
606.5L) 
646.50 
686 50 

166.5~ 

-710.00 
800=0!J 
8 S O . O U  

(b) Case 2 - Fl ight  AS 502, Body Poin t  705 

R E C O V E R Y  
ENTHALPY 
(BTU/LS) 

19’900 a 00 
,19906 00 
lYYO0000 
20000 00 
2000G 000 
200dU*00 
19800.00 
19500 e 00 
1870U 0 0 0  
175OU.QO 
16000.00 
14500.00 
13300000 
11 700.00 
10200 0 00 
YlY0.00 
&4S3 00 
7760.00 
7310.06 
4 6 1 ~  e 0 0  
s92u.00 
4160*00 
2050 0 0 0  
947000 
453eOO 
210.00 
130.00 
1OU.OO 
100.00 
100.00 

R A D I A T I O N  H L A T  PRESSURE EDGE 
H E A T  HATE COtFt- MOLECULAR 

(tJlil/SQ FT- tLn/SQ F T -  ( A T M )  WEIGHT. 

-000 
- 0  00 
-000 
- 0  00 
4.70 
7.40 

11.70 
14.00 
11.00 
9-70 
5.80 
4. 70 
-000 
-000 
- 0 0 0  
-000 
-000 
-000 
-000 
-000 
-000 
-000 
- e 0 3  
-000 
-000 

-000 
-000 
-000 

-.a0 

.0001 I . o o o o i  I . 0002 
*(io05 
.1)011 

0023 
00040 
00061 
.008L 
.0100. 
.010d 
00103 
00091 
e007S 
00063 
.0055 
00048 
00043 
0044 

00049 
-0061 
0 0 0  73 
0006d 
00066 
.005S 
.UOSl 
0004b 
.0021 . 0030, 
00012 

.00010 
oOOti66 . 00338 

0 1350 
04050 . 09300 
17200 

.25000 
28600 

028600 
.20000 

13100 
.OY200 
.07100 
0 OS360 
004190 
e04350 
o 05440 
.O83t0 
011600 , 

11400 . 12350 . 1 1 10.0 
.090or, 

. 006060 
006250 
e35000 
.47000 

13.780 
13.790 
1 3 0 Y l O  
l 4 0 0 0 0  
14.100 
14.200 
14.340 
14.530 
14.e140 
15.3YO 
l6008U 
16.680 
17.560 
183.520 
1’9.260 
19.620 
20 0 380 
20 e 7&0 
f?l.r?tlU 
22.200 
23.900 
27 Z 1 0 
251.050 
z9.otio 
Ld.YO0 
L8.900 
2d.900 
28.900 
L8.3OU 



* o o  
2.80 
6 -80  

20 80 
30.00 
40.00 

. 50.80 
62-00 
65.00 - 70.00 
8 0 ~ 8 0  
.QQ-OO 

100*1)0 
140*dO 
200.a0 
240 .I 80 
280 a0 
340.80 
400 o bO 
440080 
460080 - 
5 0 0 0 8 0  
540 80 
6DO0b0 
640 * CrO 
730.80 
700.d6 
820-aO 
900.80  

1046 a & O  

TABLE 21 (CONTINUED) 

(c) Case 3 - F l i g h t  AS 501, Body Point  705 

PHOB 
OPTN 

1 
1 
1 
1 
1 
1 
I 
1 ‘  
.l 

- 1  
1 
1 
1 
1. 

- 1  
I 
1 .  

- 1  
- 1  

1 
1 
1 

- 1  
1 
1 

. I  
1 

- 1  
1 
1 

RECOVERY 
ENTHALPY 
(BTU/LB 1 

24780.00 
247% 0 0 0 
246 I b. 00 
24876.06 
24800.00 
24800 0 O C  
24344. 00 
22000.00 
213iru.r)o 
20000.00 
17966. 00 
i60oo.00 
14430.00 
t13L3.00 
974L.00 
9324. 00 
8999.00 . 8473.00 
727/.00 
515*.00 
3850 00 
1771.00 
826.00 
180.00 
100.00 
130.011 

’ yoo.on 
. 100.00 

100.00 
- iO6.00 

HAD1 A T I O N  
HEAT HATE 

(BTU/SQ FT- 
SECOND) 

- . o o  
- 0  00  -. 00 
-000 
- 0  00 
v;oo . 

33.00  
1 i+. 00 

36.00 
b U  00 
LO 00 
d.00 
5.00 -. 00 
-000 
- 0  00 
- 0  00 
-000 
-.40 
-000 
-000 
- 0 3 0  
-000 
-.0u -. 00 
-.OQ 
- -do 
- 0 0 0  
-000 
-000 

hEkT 
COEFF 

Lb/50 ET- 
SECONO) 
.00007 7 . OOOOYS 

000580 
.001SOfi 

U 0400iJ 
006893 
00Y500 

.u10000 

.OllOQO 
0 12300 

.010000 

. U O 6 9 1 0  
006560 
003600 - 0030LO 
002900 
;903660 
3Ob600 

0 009550 
.U10100  
m UOd2OO 

O O b S O O  
’*033300  

0 ~ 3 7 1 0  
UOt56OO 
-012Cru(! 
*013L00 

U 1 380 0 
0013000 

.uc)0140 

WESSUHE 

(AIM) 

.000020 

.000030 
-0ooi)50 . 0009 IO 
0 J050.00 . OL0000 . 1 l Y i ) U O  
0 1 ’ j G O O O  
.205000 
.2330UO 
.3?&000 
‘.230000 
* 193000 . 102000 
*030600 

0 18900 
* O 3 O L I ) O  

046400 
0 zu 1 0 0 0  
.229ou0 
0 17L000 
126000 

o 114000 
.u53000 
*c?74000 

073Oi)U 
6420 9 ‘) 

. o a a d o  

.7oa030 
i.oooo3u 

E O G t  

WE I GH‘F 
YOLECUL AH 

12-94 
12.53 
12-59 
12.76 
12.90 
13.10 
13.32 
13.60 
13.92 
14017 
14.76 
‘15 0 30  
16.05 
17.77 
19-72 
18.9tj 
19.23 
19.72 
20.94 
23- Od 
24022 
27 . Y L  
29.07 
29.07 
290 Od 
29-06 
29.06 
2.).1,8’ 
25.08 
29.08 
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11-50 
21 050 
31 050 
51 e50 
61 050 
71.50 
81 050 
91 e50 
101.50 
121.50 
151 050 
181.50 
201.50 
221 050 
251 050 
301.50 
341050 
401050 
451 050 
491050 
551 *5@ 
611.50 
671.50 
731050 
791.50 
851.50 
913050 

. - 1000.00 
1100.00 

14900 e 00 
14900 00 
1490 0 a 00 
14900 00 
14900.00 
14900000 
14900.00 
14900.00 
1465OoOO 
13590 e 00 
12090 00 
11200.00 
10520.00 
9900 00 
9420.00 
9220.00 
8930.00 
8370000 
7230.00 
4484.00 
2406.00 
1057.00 
285.00 
3 19.00 
100.00 
100.00 
100.00 
100.00 

TABLE 21 (CONTINUED) 

td) Case 4 - Flight AS 202, Body Point ZO,Y33 

, 

- 

TIME PROB 
(SEC) OPTN 

. 00 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

I I 

I I 
RECOVERY RADIATION 
ENTHALPY HEAT RATE 
1BTU/LB) I (BTWSQ FT- 

I SECOND) I SECOND) 
14900.00 I -000 1 *000035 
14900.00 I -000 I .000055 

0. 00 
- 0  00 
- 0  00 
a81 

1 e60 
2.70 
4.00 
4.90 
5.30 
5.50 
4.70 
3.60 
2.40 
1.40 
1.20 
1.60 
1.70 
1.50 
70 

- 0  00 
-.oo 
- 0  00 
- 0  00 
' 0  00 
- 0  00 
-000 
-000 
- 0  00 

s 000088 
.000122 
0000266 
e000385 
000575 
0000822 
e001140 
.001500 
002300 
0003400 
0003620 
0003300 
002830 
e002130 
0001400 
e 00 1270 
00 1580 
OOO2610. 
003770' 
004500 
0003990 
003730 
0003120 
e 0021 00 
004640 
007310 

e 009090 
009430 

MOLECULAR 
(ATMI WEIGHT 

*000009 14.85 
00000'18 
.000044 
0000097 
0000480 
00 1050 
002290 

s 004630 
.008820 
00  151 00 
0035400 
0074700 
0083000 
0068600 
0049700 
e 028300 
01 2600 
.009130 
S O  IS700 
o 041 100 
084500 
119000 

.101000 
113000 
086300 

s 044300 
e 2430 0 0 
6020 00 
0930000 

1 .oooooo 

14.96 
14.95 
15.02 
15011 
15.16 
15.23 
15.30 
15.38 
15.46 
15.67 
16.31 
17.21 
17.76 
18.18 
18.56 
18.81 
19.00 
19.22 
19.01 
20 92 
23.60 
26.31 
29.. 0 0 
29.08 
29 08 
29.08 
29.00 
29.00 
29.08 

I 
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d 

PRO8 
OPTN 

1 
1 
1 . 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

TIME 
( StC 1 

. 00 
2.80 
6 0 8 0  
20 80 
50080 
80.80 

100.80 

200.80 
240 80 
280180 

400.80 
440 80 
460.80 
500080 
540.80 
600.80 
640.60 
700.80 
760 * 130 
820.80 
900.80 

1046.80 

140.80 

340 - ao 

RECOVERY 
ENTHALPY 
(t3TU/Lt3 1 

24760 m 00 
24795000 
24816.00 
24678. 00 
24344.00 
1796b.00 
14430 e 0 0 
11 3230 00 
914L.00 
93,24000 
8 9 W o  00 
8473000 
727 I o  00 
5154000 
3056 0 0  
1771.00 

020. uo 
lclO.00 
100.00 
100.00 
100000 
lOll.00 
1oc.00 
10r)000 

TABLE 2 1  (CONTINUED) 

(e) Case 5 - F l i g h t  AS 501,  Body P o i n t  710 

H ~ A T  
COEFF 

(LtVbQ FT- 

PRESSWE 

( A I M )  

RADIATION 
H€AT H&TE 

(YTU/SU FT- 

€DUE 
MOLECULAR 

WEIGHT 
SECOND 1 1 SECOND) I 1 

13076 -.oo I e000004 I 0000001 I 
, -000 

- 0  00 
-000 
-000 
- e o 0  
- a 0 0  
-000 
-000 
-000 
0.  00 
- 0  00 
-000 
- 0  00 
-000 
-000 
-000 
-000 
-800 
-000 
- 0  00 
-000 
-000 
-000 

0000006 
0000008 
0000032 

000316 
0000675 
0000487 . UO035-9 
0 000137 
.000165 . 0 0 Q13d 
0 000200 
0000361 
0 0 0 ~ 5 2 2  
0000553 
0000449 
0000354 
0000289 
.000206 
0 0 0 046Y 
000067B 
0000719  
0000751 
.000820 

0000001 
.000002 
*000033 

004360 
.013900 
.007130 
* 003760 
.001130 
e 600760 
*000700 
.001110 
0 003560 
.007400 
*008450 

QOb350 
0004650 

0 00 1950 
0 0 10100 . 02 1LOO 
0023700 
.026200 
0031000 

. 8003530 

13085 
13.92 
14. 19 
14 -66  
16.70 
18.26 
20.06 
20097 
21.21 
2 1  046 
21.97 
23. 16 
24.59 
26.31 
29007  
29.08 

29 o 0 0  
29.08 
29.08 
29008 
29.06 
29.08 

29.08 

I I I 
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6.50 
14.50 
26.50 
36e50 
46eSQ 
56.50 
66.50 
76050  
86.50 . 96.50 

106-SO 
116.50 
136.50 
166050 
196.50 
226.50 
266.50 
296.50 
326050 
366.50 
426050 
506050 
566050  
606.50 
646- S O  
686.50 
710eOO 
800e50 
850050 

I 1 
1 
1 
1 
1 
1 
1 
1 
1 

. 1  
1 
1 
1 
1 
1 
1 
1 
1 

' 1  
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

TABLE 21 (CONTINUED) 

Case 6 - Flight AS 502, Body Poin t  707 

RECOVERY 
ENTHALPY 
(BTU/LB) 

19YO0. 00 
19900.00 
19900 e 00 
20000.00 
20000.00 
20000.00 
19800 * 00 
19500 e 00 
18700eOO 
17500.00 
16000*00 
14500eOO 
13300 * 00 
11700.00 
10200.00 
9190.00 
8450.00 
7760.00 
7310.00 
681 0 * 00 
5920.00 
4160000 
2050000 

947.00 
453. 00 
210.00 
130.00 
100.00 
100.00 
100.00 

I 
RAD I AT1 ON 
HEAT RATE 

lBTU/SQ FT- 

HEAT 
COEFF 

(LB/SQ FT- 
SECOND) I SECOND) 

-000 I 0000023 
- 0  00 
-e00 
- m o o  
- e  00 
1.60 
3.20 . 
5.10 
6.00 
5.60 
4a3s 
3. IS 
2.00 
A000 

050 . 10 

- e o 0  
-eo0  
- 0  00 
- 0  00 
- e  00 
-.oo 
- e o 0  
- 0  00 
- 0  00 -. 00 
- 0  00 
- 0  00 

.oo 

O b  00 

000040 . 000082 
.000211 
e 0 0 0 4 8 0  
0000970 
0001680 
0 002540 
0003480 . 

e 004550 
e 004340 
a 003860 
0003160 
002680 
002349 
002040 

e 00 1770 
e'0 0 A 840 

001?080 
002S80 

e.0 0 30 7 0 
* 002870 

002450 
0002160 
* 001960 
e 000898 

e000493 

8004210 

,002800 

bo01290 

I 

'RESSlrRE 

(ATMI  

.000005 

.000020 
0000070 
e 000440 
002250 

e O O Y O 3 0  
0027000 
8 062000 . 115000 
e 167.000 . 190000 
172000 

e 133000 
0087500 
e061300 
047400 
*035700 
028000 
e029000 
e 036300 
*.046500 
e 077300 
e076400  
082400 

e 073700 
0 059000 
0053000 
0 042000 
0240000 
0320000 

EDGE 
MOLECULAR 

WEIGHT 

13-97 
, 13.94 

13-96 
14.07 
14.1 7 
14.26 
14.36 
14.49 
14.67 
15- 03 
15.64 
.16 35 
16.96 
17064 
1a.81 

20.12 
19-54 

20.67 
21 007 
21-57 
22 59 
24-07 
27-50 
29- 07 
29.08 
29.08 
29.08 
29.08 
29.08 * 

29. 08 
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TIME 
(StC) 

. 00 
2.80 
6.80 

20.80 
30.00 
40.00 
50.80 
62. 00 
65.00 
70.00 
80.80 
90.00 
100.80 
140.80 
200.80 
240.80 
280.80 
340 80 
400.80 
440.80 
460.80 
50008C 
540080 
600.80 
640.00 
700.80 
760.60 
820.80 
900.80 
1046 e 80 

TABLE 2 1  (CONCLUDED) 

( 4 )  Case 7 - F l i g h t  AS 501, Body P o i n t  707 

PROB 
OPTN 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

RECOVERY 
ENTHALPY 
(BTU/Lt3) 

24780 e 00 
24795 00 
24816.00 

24800 00 
24800 0 0 
24344.00 
220 00 . 0 0 
21300.00 
20000.00 
17966.00 
16000. 00 
14430000 
1 1323 00 
9742.00 
9324.00 
8999.00 
8473.00 
7277.00 
5154.00 
3856000 
1771.00 
826.00 

1OO.Ob 
100.00 
100.00 
100.00 
100.00 
100.00 

241371, . o o 

iao.00 

1 

RADIATION 
HEAT HATE 

(BTU/SU FT- 
SECOND) 

-000 
- 0  00 
- 0  00 -. 00 
-.00 
4. 00 
13.00 
49.00 
41 00 
26.00 
9.00 
4.00 
2.00 
- 0  00 
- 0  00 
- 0  00 
-000 
-000 
-000 
- 0  00 
-a00 
- a 0 0  
- 0  00 
-a00 
-000 
-000 
-000 -. 00 
-a00 
-000 

HEAT 
COEFF 

SECOND) 
0000033 
e000040 
0000059 
e 000244 
0000560 
0001300 
e 002900 
e 004300 
0004500 . 005000 
00521 0 
.00*300 
a003760 
002770 
001520 
0001270 
a001220 
a 00 1540 
002780 
0004040. 
0.0 04260’ 
0003460 
e 002740 
e 002230 
.001590 
003620 
0 05230 
0005550 
005880 
006340 

(LWSQ FT- 

7RESSURE 

( A I M )  

.000010 

.000020 
0000030 
0000610 
0003000 
0014000 
a 0781 00 . 150000 
153000 
190000 
0252000 
e 170000 
a 129000 
a 068000 
020400 
.013800 
0 12600 . 020 100 

I 064300 
134000 

a 152000 . 115000 
084000 
063800 
035300 

e 183000 
a382000 
a428000 
a472000 
a 560000 

. -  
. I  

EDGE 

WEIGHT 

12.62 
12.69 
12.76 
12.96 
13.12 
13.30 
13.53 
13.98 
14. 11 
14 . 37 
14.94 
15.55 
16 32 
18.06 
19.00 
19.27 
19.51 
20.01 
21 023 
23.33 
24.38 
28.17 
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7 .  The maximum time step and output intervals - these were typicallx 
&&en as follows: 

5 or 10 I Through first peak- I heating pulse 
. _  

Remainder of tra- I jectory 1.0 . 10 I ' . I  

8'. Nodal hata - these were typically taken as follows, starting from the 
surf ace 

1 node of 0.005 inch thickness 
5 nodes of 0.010 .inch thickness 

_ .  5 nodes of 0.015 inch thickness . >  

- -5 nodes of 0.025 inch thickness 
. 9 nodes of 0.060 inch thickness 

5 to 10 nodes of 0.100 inch thickness, 
depending on total thickness 
1 node to supply remaining.thickness % 

. .  

6.2 FLIGHT PREDICTION RESULTS 
. '  

The results of the CMA Apollo flight predictions are presented in the 
folldwing -subsections: in-depth temperature histories are compared to thermo- 
couple data in Section 6.2.1; surface ablation and char penetration histories. 
are presented'in Section 6 . 2 . 2  and compared t o  char sensor data and to final 
surface ablation and char penetration data; final char density profiles are 
presented in Section 6.2.3 and compared to Apollo core data; and heat transfer 
predictions including transition to turbulent flow and relaminarization are com- 
pared to calorimeter data in Section 6.2.4.  The flight prediction results are 
summarized in Section 6.3. 

It is significant that the results presented in this section constitute 
- all of the flight predictions that were generated under the contract: no solu- 
tions were discarded because of unfavorable agreement; no solutions were regen- 
erated with changes in material properties, coking model, surf ace ablation model, 
convective heating correlations o r  the like .. Therefore, the solutions are equiv- 
alent t o  preflight predictions using- Che postflight trajectory. 



Pn-Depth and Surface Temperatures 

Predicted temperature t i m e  h i s t o r i e s  corresponding t o  thermocouple loca- 
t i o n s  are compared t o  thermocouple d a t a  f o r  the seven cases (see Table 20) i n  
Figures 4 1  through 47, respec t ive ly .  The measured temperature d a t a  are shown 
as s o l i d  l i n e s ,  the corresponding temperature p red ic t ions  are shown as dashed 
l i n e s ,  and the sur face  temperature p red ic t ions  are shown as dash-dot l i n e s .  
I n  addi t ion ,  when a thermocouple is predic ted  t o  break throfigh the sur face  (due 
t o  sur face  a b l a t i o n ) ,  the subsequent thermocouple response is shown as a do t t ed  
l i n e .  As menttoned previously,  "consumable" thermocouples w e r e  employed on the  
Apollo heat shield; hence, the thermocouple response subsequent to break-through 
should be rep resen ta t ive  of (but  no t  necessa r i ly  an accura te  ind ica to r  o f )  sur-  
face temperature . 53 

It w i l l  be observed t h a t  both laminar and tu rbu len t  p red ic t ions  are pre- 
sented for t he  last t w o  cases (Body Poin t  707 for F l i g h t s  502 and 501). The 
criteria for t r a n s i t i o n  t o  tu rbu len t  f l o w  w a s  developed on the basis of the 
F l i g h t  502 laminar c a l c u l a t i o n  and t h e  same criteria w a s  used f o r  both f l igh ts .  
This w i l l  be discussed i n  Sect ion 6.2.4.  

I n  order t o  g e t  a better apprec ia t ion  for the  accuracy of these predic-  
t i o n s ,  s e v e r a l  r ep resen ta t ive  types of e r r o r s  are summarized i n  Table 23, namely, 
the maximum e r r o r  which occurs somewhere during the  f l i g h t ,  the  average e r r o r  
over the  f l i g h t ,  and the e r r o r s  a t  the  end of t he  f l i g h t .  Neglecting the 
laminar Body Point  707 so lu t ions  ( i n  favor of t he  tu rbu len t  pred ic t ions)  and 
discount ing the  measured response of a thermocouple after it has been predic ted  
t o  break through t h e  su r face ,  the  disagreement i s  t y p i c a l l y  less than 350°R 
except for some brief per iods very e a r l y  i n  the t r a j e c t o r y .  The  e r r o r s  a t  t h e  
end of t he  f l i g h t  average about 130OR.  T h i s  agreement between p red ic t ions  and 
f l i g h t  measurements is considered to  be e x c e l l e n t  considering t h a t  the so lu t ions  
are the equivalent  of p r e f l i g h t  p red ic t ions  ( w i t h  t he  exception of the t r a n s i -  
t i o n  model which w a s  developed on the basis of the  present  r e s u l t s  and the cok- 
i ng  model which is  based on the eva lua t ion  of core data obtained i n  the same 
f l i g h t s ) .  
t i v e l y  crude model f o r  char conduct iv i ty  which w a s  'employed and the  complexity 
of the su r face  ab la t ion  phenomena. 

Cer ta in ly  one could n o t  expect  better agreement consider ing the  rela- 

N o t e  i n  p a r t i c u l a r  t h e  s u b s t a n t i a l  improvement obtained i n  consider ing 
f r a n s i t i o n  to  tu rbu len t  flow. Considering the good agreement f o r  Cases 1-5 f o r  
laminar flow, it is q u i t e  apparent t h a t  t r a n s i t i o n  does occur i n  C a s e s  6 and 7 
(Body Po in t  707).  
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TABLE 23 

+50 
+loo 
+200 

n i  1 
-100 

-50 

SUMMARY OF ERRORS I N  PREDICTED IN-DEPTH 
TEMPERATURE RESPONSE** 

* 
+300 
+loo 
+150 
-50 
n i  1 

I 

+250 ' 

+250 
+150 

+50 
+50 
n i  1 

-350/+200 ' - 15 0/- 10 0 - 150/-50 - 200/ni 1 

Average Error 
Over 

the Flight,OR 

+300 
+250 

. +250 

n i  1 
n i  1 
n i  1 

+300/*. 
+ 40 0/+ 3 5 0 
+40 0/+ 3 5 0 

n i  l / n i  1 

Error a t  End 
of F l i g h t ,  

OR 

-50 
n i  1 
n i  1 
-50 

-300 
-100 
-50 
-100 

* 
+50 
+50 
-100 

* 
+250 
+200 

n i l  

-3OO/-150 +200/* - 10 0/- 5 0 - 10 0/+5 0 - 10 O/ni 1 

+2 0 0/+ 15 0 
+15 0/+5 0 
+15 0/- 5 0 

f 
Thermocouple pred ic ted  t o  break through t h e  surface.  

A + s ign  i n d i c a t e s  t he  p red ic t ion  i s  h igher  than t h e  measured 
data. 

'2800/500 r ep resen t s  the  errors f o r  laminar and t u r b u l e n t  flow, 
r e spec t ive ly  ( typ ica l )  . 

** 

15 0 



6.2,2 Surface Ablation and Char Penetrat ion 

Predicted t i m e  h i s t o r i e s  of sur face  recession and char pene t ra t ion  ( i .e- ,  

Char sensor  data and measured values  for f i n a l  reces- 
surface recession p lus  char  depth) are presented for AS 202, AS 501, and AS 502 

s ion  and char  pene t ra t ion  are also shown. 
value is presented as reported i n  various sources 

' i n  Figures 48 through 50.  
I n  some cases more than one "measured" 

5 0 ~ 5 2 ~ 5 5 ~ 5 6  

The char  pene t ra t ions  are shown f o r  t w o  condi t ions - when charr ing i s  2 

percent and 98 percent  complete. 
depthtt would be expected t o  correspond t o  something i n  between these  l i m i t s .  
with t h i s  i n  mind, it can be seen t h a t  the char pene t ra t ion  i s  predicted wi th in  
0.10 inch  which is  about t h e  same as t h e  uncertainty i n  the  measured values as 
evidenced by t h e  d i f f e r e n t  reported values.  
uncertainty i n  predicted char penetrat ion.  

The char sensor d a t a  and t h e  measured "char 

This  corresponds t o  a 15 percent 

SurEace recession i s  predicted within.0.070 inch i n  a l l  cases. Although 
this represents  a s u b s t a n t i a l  percent  o'f the  measured ab la t ion  i n  some cases, 
it is a s m a l l  e r r o r  relative t o  t h e  ove ra l l  hea t  s h i e l d  thickness.  Again, t h e .  
discrepancy between predicted and measured recession is of t h e  same' order as 
the d i f f e rence  i n  measured recession a t  t w o  neighboring core loca t ions  o r  as 
measured by t w o  d i f f e r e n t  inves t iga tors .  Another complicating f a c t o r  no t  con- 
s idered i n  the present  ca lcu la t ions  i s  t h a t  t he  char layer  of t h e  Apollo m a t e -  
r i a l  has been observed t o  shrink i n  some cases. There'fore, t he  agreement with 
surface recession is probably as good as can be expected f o r  t he  Apollo applica- 
t i o n  due t o  the  small ab la t ion  rates and the  complexities assoc ia ted  with the  

A p s l l o .  material. 

I n  order t o  ob ta in  a b e t t e r  appreciat ion for  t h e  nature  of t he  a b l a t i o n .  
phenomena, t i m e  h i s t o r i e s  of B' 

Point  705) are presented i n  Figure 51. Prior t o  60 seconds i n  the  t r a j e c t o r y  
[see Table 2 1 ~ 1 ,  t he  B& (and, hence, t h e  $ (see Eq. (25)) is zero because of 
the large B' coupled with a Tw below 3600OR (see Figure 40) .  
of the inc iden t  r ad ia t ion  pulse and the  first p a r t  of the convective heat ing 
pulse  do no t  cont r ibu te  d i r e c t l y  t o  surface ablation'.  
the B& a t t a i n s  the p la teau  value.of  nominally 0.22 where it remains through 
most of the f i r s t  peak heating. A t  about 145 seconds, the  sur face  temperature 
drops below 3600OR. 
about 0.5, f a l l i n g  t o  zero as the  Tw reaches a minimum of 2600OR a t  280 to  300 
seconds. The Bi then increases  again during t h e  second heat ing pulse ,  r i s i n g  
nearly t o  the p la teau  value,  due both t o  the  increas ing  Tw and t h e  decreasing 
B' during t h i s  por t ion  of the t r a j ec to ry .  
seconds, when the  Tw drops t o  2250°R, and ab la t ion  is completed. 
face recess ion  is  divided nearly evenly between the f i r s t  and second heat ing 

B& and Tw f o r  Case 3 (F l igh t  AS 501, Body g' 

Thus near ly  half  g 

When 3600'R is  exceeded, 

The B& then drops i n  accordance with t h e  value of B e  of 
9 

The B; then decreases t o  zero a t  500 
Q 

The total  sur- 
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pulses  f o r  t h i s  f l i g h t ,  s i n c e  the  El&# t h e  peUeCM, and -the t i m e  dura t ions  are 
a l l  about t h e  same. (While t h e  to ta l  enthalpy, and hence t h e  h e a t  f lux ,  is 
considerably less during the second h e a t  pulse,  t h e  peUeCio - and hence t h e  
peUeCn - are about t h e  same.) This behavior is t y p i c a l  of t h e  type of behavior 
exfiibited f o r  t h e  other f l i g h t s  and body poin ts  s u f f i c i e n t l y  severe t o  experi-  
ence s i g n i f i c a n t  ab la t ion .  

6.2.3 Char Density 

I n  order t o  i l l u s t r a t e  
the w a l l  material and sur face  

the na ture  of the  coking predic t ions ,  dens i ty  of 
temperature are presented as funct ions of trajec- 

to ry  t i m e  i n  Figure 52 for  C a s e  3 (F l igh t  AS 501, Body Point  705). The v i r g i n  
material i n i t i a l l y  has a dens i ty  of 34 lb / f t3 .  Pyro lys i s  of t h e  w a l l  material 
is predicted t o  start a t . 1 0  seconds and to  be completed a t  35 seconds when t h e  
surface dens i ty  i s  reduced t o  16  l b / f t 3 .  
at 40 seconds and the  su r face  dens i ty  reaches a maximum of 25 l b / f t 3  a t  120 sec- 
onds. 
of 4500OR so t h a t  some i n t e r n a l  char erosion is  predicted (see Figure 3 4 ) .  

surface dens i ty  i s  reduced t h e r e a f t e r  u n t i l  it reaches a f i n a l  value of 22 lb / f t3  
at 520 seconds. 
cession of high-dcmsity sur face  material. 

Coking of t h e  surface mater ia l  starts 

I n  the m e a n  t i m e ,  t he  surface temperature has passed through a maximum 
The 

This reduct ion i n  sur face  dens i ty  i s  the  r e s u l t  of surface re- 

In-depth p r o f i l e s  of material dens i ty  are presented i n  Figure 53 for 
severa l  t r a j e c t o r y  t i m e s  f o r  the  s a m e  case. Corresponding temperature p r o f i l e s  
are also presented i n  Figure 53. This shows more c l e a r l y  the .events  described 
above. 
due t o  surface recession while coking is s t i l l  taking place. 
e a r l y  t i m e s  (e.g., 75 seconds) t h a t  t h e  maximum char  densi ty  does not occur a t  
the surface. This re-sults from t h e  f a c t  t h a t  t h e  temperature of t h e  char near  
the surface is s u f f i c i e n t l y  hot  t h a t  coking is  completed i n  depth. I n  accord- 
ance w i t h  Equation (60) considered together  with Figure 34, the coking rake is 
reduced to zero when t h e  temperature i s  s l i g h t l y  i n  excess of 3600aR.* 

I t  is p a r t i c u l a r l y  i n t e r e s t i n g  t o  note how t h e  surface dens i ty  decreases 
Also; note a t  

F i n a l  predicted dens i ty  p r o f i l e s  are shown for  i h e  three f l i g h t s  i n  Fig- 
ures 54 through 56. Measured values reported i n  Reference 2 through 4 are also 
shown f o r  t he  s i x  cases where these da t a  are available. I t  w a s  d i f f i c u l t  t o  
obtain an accurate  re ference  f o r  the measured da ta ;  hence, these may be m i s -  
plotted by as much as 0.050 inch or  so. It can be seen t h a t  w h i l e  t he  dens i ty  
inversion is predicted q u a l i t a t i v e l y ,  t h e  agreement i s  not always good; the 
turbulent  f l o w  so lu t ions  (Cases 6 and 7) are predicted q u i t e  w e l l ,  t h e  F l i g h t s  
AS 501 and 502 stagnation-point so lu t ions  (Cases 2 and 3) are predicted f a i r l y  
w e l l ,  and the Fl igh t  AS 202 (Cases 1 and '4)  so lu t ions  y i e ld  poor agreement. 

t 
A t  very high-char temperatures, i n t e r n a l  char erosion' would- be predicted t o  
occur s ince  X, increases  with temperature (see Figure 34). . 
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a r t i c u l a r ,  t h e  measured dens i ty  is t y p i c a l l y  higher  and does no t  reduce t o  
value of 1 6  lb/f t3  such as was assumed i n  t h e  t h e o r e t i c a l  model f o r  f u l l y  

yrolyzed (but uncoked) char (see Sect ion 5.1) e 

It w a s  a l s o  observed i n  References 2 through 4 that the  ash  content  (pre- 

Therefore, a s tudy w a s  made to compare pred ic ted  and mea- 
T h i s  comparison is made i n  F igu res  57 through 59  

sumably si l ica plus  o t h e r  oxides) t y p i c a l l y  i s  higher  i n  the  char  layer  than i n  
t h e  v i rg in  material.* 
sured carbon dens i ty  p r o f i l e s .  
for the 5 cases f o r  which a s h  content  data w e r e  ava i lab le .  
obtained simply as t h e  to ta l  dens i ty  minus the ash dens i ty .  I n  t h e  case of t h e  
pred ic t ions ,  t h e  co r rec t ion  is simple s ince  the  ash content  i s  assumed to  be 
constant  throughout t he  char l aye r  a t  a value of approximately 8 l b / f t 3 .  The 

values repor ted  as measured da ta  w e r e  obtained by mult iplying a data-smoothed 
measured t o t a l  dens i ty  ( a l s o  shown i n  Figures 57 through 59)  by a data-smoothed 
measured percent  ash content .  It can be seen  t h a t  the  agreement of t he  predic- 
t i o n  and the Apollo f l i g h t  d a t a  is exce l l en t .  

Carbon dens i ty  w a s  

In conclusion, assuming t h e  bui ldup of excess ash i n  t h e  char  l aye r  is 

T o t a l  dens i ty  p r o f i l e s  are not  predicted as w e l l ,  however, 
indeed pr imar i ly  si l ica,  the  cu r ren t  technique appears. t o  p r e d i c t  carbon depo- 
s i t i o n  very w e l l .  
because of  the  increase  i n  ash content  which is n o t  considered i n  t h e  t h e o r e t i -  
cal model. 

6.2.4 H e a t  Transfer  

The f l i g h t  p red ic t ions  which have been generated permit a number of in-  
t e r e s t i n g  observat ions and data c o r r e l a t i o n s  related t o  convective heat ing rates 
to  the sur face .  
inc ident  hea t ing  i n t o  r e rad ia t ion ,  conduction, etc., and t h e  f u r t h e r  p a r t i t i o n  
O f  the n e t  energy i n t o  the  material i n t o  decomposition energy, etc., are pre- 
sented for one of the cases i n  the  f i r s t  subsection. The blowing cor rec t ions  
predicted t o  occur i n  this f l i g h t  are a l s o  presented there in .  Available mea-  
sured convective hea t ing  data are compared t o  p red ic t ions  i n  the second subsec- 
t ion .  
sented the re in .  

Predic t ions  f o r  convective heat ing rates, the p a r t i t i o n  of t h e  

S tudies  leading t o  t h e  s e l e c t i o n  of t r a n s i t i o n  cri teria are a l s o  pre- 

a. Convective Heating Predic t ions  f o r  F l i g h t  AS 501, 

The predic ted  convective hea t ing  rate f o r  C a s e  3 (F l igh t  AS 501, Body 
Point 7 0 5 )  is shown toge ther  w i t h  t h e  inpu t  r a d i a t i v e  heat rate and the  t o t a l  - 

Body Point  705 

It w a s  seen i n  Sect ion 5.2 t ha t  this excess ash is o f t en  roughly equiva len t  
to the  s i l ica  corresponding t o  the ab la ted  depth. 
Was Suggested i n  Reference 3 t h a t  a t  least p a r t  of the .excess  ash  might be 
the r e s u l t  of unburned carbon. 

On the o the r  hand, it 

I 
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(convective p lus  r a d i a t i v e )  heat ing rate i n  Figure 60. It can be seen t h a t  t h e  
peak r a d i a t i v e  heat ing is considerably smaller than and somewhat 
the convective heat ing peak., 
downstream of the  s tagnat ion  poin t ,  near the  po in t  of maximum convective hea t ing  
(see T a b l e  22). In  t h e  s tagnat ion  region,  the  qrad is 75 percent  higher and the  

qconv 
it is apparent  t h a t  t h e  peak t o t a l  hea t ing  a t  t h e  s tagnat ion  p o i n t  i s  about t h e  
same as a t  Body Point  705 and is evenly divided between convective and r a d i a t i v e  
heating. 

before 
This p a r t i c u l a r  body po in t  is a s h o r t  d i s tance  

i s  28 percent  lower, Applying these  f a c t o r s  t o  the  Body P o i n t  705 r e s u l t s ,  

The reduction i n  convective heat-  and mass-transfer c o e f f i c i e n t s  due t o  
ab la t ion  processes ,  C ' /C '  as a c t u a l l y  predicted f o r  t h i s  t r a j e c t o r y  
are presented i n  Figure 61. 
quite s m a l l  over most of t h e  t r a j e c t o r y ,  being less than 15 percent  except f o r  
t h e  region of high B' g 
is reduced only by a f a c t o r  of 2 .  

c o e f f i c i e n t  i s  considerably l a rge r ,  being roughly 35 percent  over a - s u b s t a n t i a l  
port ion of t h e  t r a j e c t o r y  and a f a c t o r  of f i v e  during the  high B' por t ion  of 
t h e  t r a j e c t o r y .  A s  mentioned i n  Sect ion 5.5, t h i s  d i f f e r i n g  behavior of peUeCM 
and peUeC;I is very s i g n i f i c a n t  i n  t h a t  t h e  e f f e c t  of mass t r a n s f e r  i s  to pro- 
duce a s i z e a b l e  decrease i n  sur face  ab la t ion  rate ( f o r  a given value of t h e  
thermochemical blowing parameter B') with subs tankia l ly  less decrease i n  h e a t  
t r a n s f e r  rate. 
w e r e  considered t o  be much more near ly  t h e  same, it w a s  d i f f i c u l t  t o  p r e d i c t  
'both surface ab la t ion  rates and in-depth thermocouple response with a consis- 
t e n t  a b l a t i o n  model. 

and CM/CAo H Ho 
It can be seen t h a t  t h e  reduct ion i n  peUeC;I i s  

(10 t o  60  seconds, see Figure 51) ,  and he re  the peUeC;I 

N o t e  t h a t  the reduct ion i n  mass-transfer 

- 
.9  . 

I n  previous ca l cu la t ions  (e.g., Ref. 4 4 )  where peUeCM and peUeC;I 

The p a r t i t i o n  of t he  t o t a l  i nc iden t  heat ing (convective p lus  r a d i a t i v e )  . 
i n t o  o t h e r  sur face  energy t e r m s  is presented i n  rate form and in t eg ra t ed  form 
in Figures 62 and 63, respec t ive ly .  It can be seen t h a t  approximately 2/3 of 

. t h e  peak inc iden t  hea t ing  i s  r e rad ia t ed  from t h e  sur face .  It i s  thus apparent 
t h a t  t he  su r face  emittance is very important i n  determining t h e  surface temper- 

ca lcu la t ions .  The majori ty  of the  remaining incident '  energy is absorbed i n  the  
various a b l a t i o n  mechanisms; on ly '15  percent  of t h e  inc iden t  hea t  f l u x  is con- 
ducted i n t o  t h e  body. 

. ature; as discussed i n  Section 5.3, a value of 0.65 w a s  used i n  the  present  

In t eg ra t ed  va lues  of the  i n t e r i o r  energy t e r m s  are presented i n  Figure 
64. The major energy absorption mechanisms are the  increase  i n  pyro lys i s  gas  
energy as t h e  pyro lys i s  gas hea ts  up and coking occurs  and t h e  n e t  energy ab- 
sorbed i n  t h e  pyro lys i s  gas and coking reac t ions .  
s o l i d  i s  t h e  major energy s ink  during t h e  f i r s t  ha l f  of the  t r a j e c t o r y ,  bu t  is 
Somewhat less important than the previously mentioned t e r m s  i n  an o v e r a l l  

Storage of energy i n  t h e  
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t egra ted  sense because s u b s t a n t i a l  energy is l o s t  from the  solid during t h e  
second ha l f  of t he  t r a j e c t o r y  a s  the abla t ion  material cools down. The energy 
associated with the  moving boundary is s m a l l  b u t  non-negligible (about 15 per- 
cen t ) ,  while t he  hea t  loss a t  the  rear surface i s  negl ig ib le ,  

b, Comparison of Measured and Predicted Convective Heating 
R a t e s  and Development of Trans i t iona l  Heating Criteria 

The Apollo a f t  hea t  s h i e l d  w a s  instrumented with wafer calor imeters  
The wafer calo- while t h e  conica l  afterbody employed asymptotic calorimeters. 

rimeters c o n s i s t  of s tacked graphi te  wafers designed t o  allow removal of s i n g l e  
wafers by aerodynamic fo rces  as t h e  surrounding hea t  sh i e ld  ab la tes .  Thermo- 
couples imbedded i n  t h e  wafers measure temperature h i s t o r i e s  from which n e t  
heating rates (convection p lus  inc iden t  r ad ia t ion )  can be ca lcu la ted  given m a t e -  
r i a l  p rope r t i e s  and estimates of conduction and r e rad ia t ion  losses .  They d i d  
not  funct ion properly af ter  surface recession s t a r t e d ,  but d i d  supply f a i r l y  
smooth temperature responses ea r ly  i n  the  t r a j ec to ry .  The asymptotic calorim- 
eters, on t h e  other  hand, t yp ica l ly  performed w e l l  throughout t he  e n t i r e  reent ry  
mission. A s  shown i n  Table 20, 6 of t h e  7 cases considered i n  the  present  study 
w e r e  located on the  a f t  hea t  sh ie ld ;  of these,  t he  AS 501 and AS 502 f l i g h t s  
(Cases 2 ,  3, 6 and 7)  yielded useable early-time w a f e r  calorimeter data.  C a s e  5 
(Fl ight  501, Body Poin t  710) yielded good asymptotic calorimeter data .  

Reduced wafer calorimeter data f o r  F l igh t s  AS 502 and AS 501, Body Poin t  
705, are presented i n  Figures 65a and 65b as n e t  heat ing rate (convection p lus  
incident  rad ia t ion)  . * 
and the  p re sen t  (CMA) p red ic t ions  f o r  convective heating rate and n e t  heat ing 
rate (employing the values  of inc ident  r ad ia t ion  heat ing used i n  the  CMA calcu- 
l a t ions ,  these  being based on the NASA/MSC r ad ia t ion  heating f a c t o r s ) .  The CMA 
so lu t ions  and the  NASA/MSC predic t ions  agree reasonably w e l l  with each o the r  
bu t  do no t  agree w e l l  wi th  the  calor imeter  data .  Since the  prec ise  approach f o r  
reducing t h e  ca lor imeter -da ta  is not  known and t h e  p o s s i b i l i t y  f o r  e r r o r  is 
ra ther  l a rge ,  it is not  possible  t o  make any d e f i n i t e  conclusions. It is clear, 
however, t h a t  e i t h e r  the da ta  a r e  bad, or the  present  procedure and the  NASA/MSC 

A l s o  shown are'NASA/MSC pred ic t ions  f o r  n e t  heating rates 

predict ions share s i m i l a r  shortcomings. 

The wafer calorimeter da ta  f o r  F l igh t  AS 502 and AS 501, Body Point  707, 

L e t  us restrict our a t t e n t i o n  f i r s t  to Fl igh t  AS 502 
are presented . in  Figure 66a and 66b and compared t o  laminar and turbulen t  n e t  
heating rate predict ions.  - 
These data and NASA/MSC predic t ions  w e r e  supplied by NASA/MSC personnel57 and 
d i f f e r  somewhat f r o m  t h e  values reported i n  t h e  Apollo mission  report^.^^^^^ 
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(Figure 66a), since this was the approach that was actually employed in the 
present study. 
sition to turbulent flow appears to occur at a trajectory time of approximately 
66 seconds. 

Comparing the measured data with the laminar prediction, tran- 

It is well known tha2 transition to turbulent flow is strongly dependent 

The momentum thickness Reynolds number for zero ablation 
upon the momentum thickness Reynolds number Ree and on surface mass transfer 
among other things. 

point are presented in Figure 67.k 
and the normalized surface mass-transfer rate B' for this flight and body Reg, 

Recalling that the calorimeter data suggests transition at 66 seconds, 
Figure 67 shows that the critical Rego is about 120 and the corresponding B' 
is about 7 (the.actua1 Ree is substantially greater than 120, of course). A 
look at the 0.02 inch thermocouple response for this flight (Figure 46b) sug- 
gests that the resumption of.laminar flow starts at a trajectory time of about 
115 seconds, corresponding to an Reo of 195 and a B' of 1.5, and is probably 
completed at about 135 seconds, corresponding to an Rego of 150 and a B' of 
1.5.** In order to obtain an estimate for the trajectory time when the flow 
became fully turbulent, Reoo versus B' for the trajectory is presented in Fig- 
ure 68 together with symbols indicating the onset of transition and the initia- 
tion and completion of the return to laminar flow. An estimate for the attain- 
ment of fully-developed turbulent flow was postulated by presuming that the 
width of the transitional heating region probably decreases with increasing B'. 
Assumed straight-line relations separating laminar, transitional, and turbulent 
regimes are also shown in Figure 68. 
turbulent flow was estimated to be attained for this trajectory at 16 seconds 
(see Figures 67 and 68). 

0 

On the basis of this educated guess, fully 

In order to obtain an estimate for the ratio of turbulent'to laminar heat- 
ing from Figure 14 it is necessary to estimate the distance from the onset of 
transition. This can be obtained from Figures 68 and 13 by comparing the maxi- 
mum value of the quantity (Re minus the Reg for the attainment of fully tur- 
bulent flow)*** with the slope of Ree versus distance in the vicinity of the 
body position of interest (Figure 13). Doing this, it was estimated that the 
ratio of turbulent to laminar heating for this flight was about 3 .  
gions of transitional heating, the value of turbulent to laminar heating was 

8 0  0 

In the re- - The Reoo was obtained from Figure 13 while the B' were obtained directly from 
the CMA solution. 

As demonstrated in References 58 and'59, transitional heating in a boundary 
layer without mass transfer can persist over a fairly large Reynolds number 
range. 

For example, for Flight AS 502, this quantity ARe is 211 - 193 = 18 (see 
Figure 68) . 

** 

*** 
8 0  
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76 sec 116 sec 
3 

Trajectory T i m e  

Ratio of Turbulent t o  Laminar Heat-Transfer Coeff ic ient .  

considered t o  vary l i n e a r l y  between uni ty  and 3. This i s  i l l u s t r a t e d  i n  the  
sketch above. The predic t ion  f o r  convective heat ing r a t e  predicted with t h i s  
model is shown! i n  Figure 66a t o  agree very w e l l  with the w a f e r  calor imeter  data .  
With t h e  l a s t  calorimeter da ta  a t  77 seconds, t h i s  ac tua l ly  represents  only a 
co r re l a t ion  of t r a n s i t i o n a l  heating. However, recall t h a t  good agreement with 
measured in-depth thermocouple response was obtained' with t h i s  " turbulent"  pre- 
d i c t ion  (see Figure 46b) .  

The trace of Reoo versus B' f o r  F l igh t  AS 501 Body Poin t  707 is  also 
shown i n  Figure 68. 
AS 502 Body Point 707, t r a n s i t i o n  i s  predicted t o  occur bekween 48 and 49 sec- 
onds and t h e  re turn  t o  laminar flow t o  take place between 92 and 115 seconds. 
The value of R e  is somewhat l a r g e r  f o r  t h i s  f l i g h t ,  with t h e  

consequence t h a t  the ra t io  of tu rbulen t  t o  laminar heating w a s  estimated t o  be 
about 3.6. The r e s u l t i n g  turbulen t  flow predic t ion  yielded exce l l en t  agreement 
w i t h  the measured w a f e r  calorimeter data (Figure 66b) and t h e  *in-depth thermo- 
couple response (Figure 47b) .  

Applying t h e  t r a n s i t i o n  cri teria developed f o r  F l i g h t  

- Ree 
00 O cri t ical  

,It is recognized t h a t  t h i s  t r a n s i t i o n  co r re l a t ion  is highly preliminary 
and may be l i m i t e d  t o  t h e  leeward side and even t o  the  v i c i n i t y  of Body Poin t  
707; however, it is very encouraging t h a t  a s i n g l e  co r re l a t ion  appears t o  be 
s a t i s f a c t o r y  f o r  both f l i g h t s .  A l s o ,  t h i s  represents  a f i r s t  ( a l b e i t  fragmen- 
ta ry)  va l ida t ion  of t h e  turbulen t  heat ing model employed i n  the  BLIMP program 
for  hypersonic boundary layers  with mass addition. 

Asymptotic calorimeter measurements reported f o r  F l i g h t  AS 501 a t  a 
posi t ion near Body Poin t  71o5l  are compared t o  t h e  Body Point  710 predic t ions  
i n  Figure 69. 
a t r a j ec to ry  t i m e  of nominally 450 seconds, where t h e  measured heating rates 
indica te  t h a t  t r a n s i t i o n  t o  turbulen t  flow probably occurs. From Figure 13, 
the Ree a t  t h i s  p o i n t  i s  approximately 160; B' is predicted by the  CMA program 

0 

The predic t ions  are seen t o  agree very w e l l  wi th  the  da t a  u n t i l  
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0.  It can be seen from Figure 68 t h a t  t h i s  i s  i n  s u b s t a n t i a l  agreement 
i t h  t h e  t r a n s i t i o n  co r re l a t ion  already developed f o r  the  leeward side of t h e  

a f t  hea t  shield.* Again, i t  is premature to  draw any f i n a l  conclusions,  b u t  t he  
consistency of the  Figure 68 t r a n s i t i o n  cri teria is c e r t a i n l y  encouraging. 

6.3 SUMMARY OF FLIGHT PREDICTIONS 

A series of seven Apollo flight/body-point combinations have been consid- 
ered using t h e  CMA program. 
co r re l a t ions  of BLIMP boundary-layer so lu t ions  presented i n  Section 3 ,  r a d i a t i v e  
heating w a s  input  using t h e  NASA/MSC r ad ia t ion  f ac to r s '  evaluated i n  Section 4 ,  
pressure d i s t r i b u t i o n s  w e r e  based on NASA/MSC f a c t o r s  which i n  tu rn  ,are based 
on wind-tunnel da ta  (see Section 21, sur face  thermochemistry events  were repre- 
sented by a carbon ab la t ion  model including chemical i n t e rac t ion  with the  pyroly- 
sis gases cons is ten t  with an in-depth coking.and depolymerization model (Sec-' 
t i on  5 ) .  The so lu t ions  w e r e  a l l  f i r s t  'attempts; t h a t  i s ,  t h e  various theore t i -  
cal models w e r e  es tab l i shed  (Sections 2 through 51 ,  the  so lu t ions  w e r e  performed, 
a n d t h e  r e s u l t s  were reported.  

Convective heating w a s  ca lcu la ted  impl i c i t l y  using 

+ The r e s u l t s  of these  pred ic t ions  w e r e  compared t o  f l i g h t  measurements 

for in-depth temperature p r o f i l e s ,  in-depth char dens i ty  p r o f i l e s ,  sur face  re- 
cession and char pene t ra t ion ,  and sur face  heating' rate.s. The agreement of 
theory and 
wafer calorimeter h e a t i n i  data of questionable accuracy. 
aging is a co r re l a t ion  f o r  t r a n s i t i o n  Reynolds number versus blowing rate which 
w a s  developed on the basis of one f l i g h t  and yie.lded subs t an t i a l  agreement with 
t r a n s i t i o n  data f o r  t w o  other f l i g h t s .  

f l i g h t  d a t a  w a s  exce l l en t  with the exception of some early-time 
Pa r t i cu la r ly  encour- 

30 
.) 

W 
t o  
u w  

aN 
= I -  

I - -  
4 3  
W t  s m  

& v) 20 - LL. 10 

I 

0 
0 100 200 300 400 500 600 

T I M E  (FROM 400,000 F T ) ,  SEC 

Figure 69. Comparison of Predicted Heating R a t e s  with 
Asymptotic C a l o r i m e t e r  D a t a  f o r  F l i g h t  
AS 501, Body Point  710 - predicted by t h e  CMA program t o  be about 0.4  a t  this poin t  i n  the  

t r a j e c t o r y  ( r e su l t i ng  e n t i r e l y  f r o m  pyrolysis  gas generat ion) .  
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SECTION 7 

RECOMMENDED HEAT-SHIELD DESIGN PROCEDURE 

On the basis of the present investigation the following procedure is 
recommended for preliminary heat-shield design studies for future reentry sys- 
tems. This procedure is valid for reentry from orbital as well as lunar re- 
tuzn velocities and for entry into planetary atmospheres. 
applicable to nonablating as well as ablating heat-shield designs. 
require some experimental data if a high confidence level is desired, but no 
theoretical prediction procedure could be expected to yield a high confidence 
level without a certain degree of empiricism for most of the reentry applica- 
tions for which the recommended procedure is applicable. A more detailed de- 
scription of the heat-shield design procedure is presented in Reference 10. 

Furthermore, it is 
It does 

1. Obtain wind-tunnel pressure distribution data for the configuration 
of interest (three-dimensional inviscid flow programs are still not advanced 
to the stage where they can predict flow fields for blunt capsules of the Apollo 
class or complex winged vehicles). 

2. Use available theoretical procedures and data correlations for radi- 
ation heat-transfer rates if the ree.ntry conditions are sufficiently severe 
that radiation is important. 

3. Obtain wind-tunnel nonablating convective heating distributions for 
the configuration of interest and calibrate these solutions for flight condi- 
tions with BLIMP solutions in the pitch-plane, 

4. Generate BLIMP turbulent boundary-layer solutions for the configura- 
tion of interest and develop correlations of these solutions. 

5 .  Validate material property data using the CMA.progrm.in the driver 
temperature option. 
rial is used. 

This is particularly important if a charring ablation mate- 

6. In the event that surface ablation or other mass transfer phenomena 
occur utilize the BLIMP program to develop heat- and mass-transfer correlations 
for the material of interest. The correlations developed for the Apollo mate- 
rial and presented in.this report can probably be employed for most charring 
ablation materials without serious loss of accuracy. 
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7. I n  t h e  event  t h a t  ab la t ion  materials are employed, pos tu l a t e  a thermo- 
chemical ab la t ion  model and generate tables of normalized thermochemical abla- 
t i o n  so lu t ions  with t h e  EST program. (It should be mentioned i n  t h i s  regard 
t h a t  most materials are no t  as d i f f i c u l t  t o  analyze as the Apollo material.) 

8, I n  t h e  event  that the  material type and f l i g h t  condi t ions are such 
that coking may occur, generate q u a l i t y  char dens i ty  p r o f i l e  da t a  for the m a t e -  
r i a l  of i n t e r e s t  and develop a coking model pa t te rned  after t h e  m o d e l  evaluated 
i n  the present  study and cons i s t en t  w i t h  the CMA program as modified under t h e  
present  cont rac t .  

9, Generate CMA predic t ions  and c o r r e l a t e  w i t h  arc-jet test r e s u l t s ,  
modifying the  surf  ace thermochemical ab la t ion  model (or developing an empir ical  
surface ab la t ion  model) u n t i l  s u b s t a n t i a l  agreement occurs. 

10. Predict heat s h i e l d  response with the  CMA program for  the f l i g h t  con- 
d i t i o n s  of i n t e r e s t .  
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SECTION 8 

RECOMMl3NDATIONS FOR FURTHER ANALYSIS 
AND PROGRAM IMPROVEMENTS 

There are a number of areas where f u r t h e r  advancements i n  heat-shield 
design'procedures are desirable. 
benef i t .  
appl ica t ions  of i n t e r e s t .  

The following are judged t o  be of primary 
The  p r i o r i t i e s  of the var ious i t e m s  l i s t e d  depend upon the  p a r t i c u l a r  

1. U s e  the  BLIMP program t o  perform a comprehensive evaluat ion of tur -  
bulent  heat ing da ta  f r o m  Apollo and other f l i g h t  programs i n  order  t o  develop. 
improved t r a n s i t i o n  cri teria and t o  fu r the r  v a l i d a t e  t h e  BLIMP turbulen t  heat- 
ing  model. 

2. U s e  t he  BLIMP program to  develop stagnation-point heat- 'and mass- 
t r a n s f e r  blowing cor rec t ions  v a l i d  for a l l  ab l a t ion  mater ia ls  and t r ansp i r a t ion  
concepts of p o t e n t i a l  i n t e r e s t .  

3.  Develop a t ransfer -coef f ic ien t  approach f o r  co r re l a t ing  nonsimilar 
boundary-layer so lu t ions  and, using th i s  procedure, develop co r re l a t ions  of 
'BLIMP nonsimilar laminar'and turbulen t  boundary-layer so lu t ions  f o r  var ious 
f l o w  s i t u a t i o n s  02 i n t e r e s t .  

. 4. Perform f u r t h e r  evaluat ion of Apollo ,and other  ava i lab le  f l i g h t  
radiometer data using t h e  RABLE r ad ia t ion  coupled viscous shock layer  procedure. 

5 .  Extend t h e  GASL/Sandia inv isc id  f l o w  f i e l d  program t o  real gas and 
modify it so t h a t  it w i l l  y i e ld  use fu l  so lu t ions  for Apollo (or  other very 
b lunt  bodies of i n t e r e s t )  a t  high incidence. 

Employ the GASL/Sandia program extended under 5. above t o  eva lua te  6 .  
a l a rge  body of pressure d i s t r i b u t i o n  da ta  for Apollo a t  incidence and/or o ther  
shapes of i n t e r e s t .  

7 .  Extend the BLIMP boundary layer  program t o  consider three-dimensional 
flow, and bui ld  i n  a capab i l i t y  t o  treat  separated flow. 

8 .  Couple the GASL/Sandia and BLIMP programs extended under 5. and 7. 
above (long range) . 
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APPENDIX A 

SUWRY OF COMPUTER CODES CONSTITUTING 
THE HEAT SHIELD DESIGN PROCEDURE 

A . l  GENERAL 

A se t  of mutually compatible computer codes f o r  represent ing coupled 
hea t  conduction, surface abla t ion ,  and boundary l aye r  phenomena developed under 
previous s tud ie s  A-1 'A-2 have been extended and synthesized i n t o  a heat s h i e l d  
design procedure unde r ' t he  present  e f f o r t .  These are: 

a. Charring Material Ablation (CMAC) program 
b. 
c. Boundary Layer In t eg ra l  Matrix Procedure (BLIMPC) 

The CMAC program can be operated independently f o r  ob ta in ing  the  in-depth 

Equilibrium Surface Thermochemistry (EST41 program 

response of charr ing (or  noncharringf mater ia ls  for assigned ab la t ion  rates and 
sur face  temperatures. The EST4 program can be operated independently t o  de te r -  
mine t h e  equilibrium chemical state f o r  a v a r i e t y  of open and closed systems of 
a r b i t r a r y  elemental composition and, i n  one opt ion,  provides surface chemistry 
and mass-balance t abu la r  da t a  t o  t h e  CMAC program f o r  t r a n s i e n t  charr ing abla- 
t i o n  ca lcu la t ions .  
nonsimilar laminar or turbulen t  multicomponent boundary l aye r  so lu t ions  for  a 
va r i e ty  of uncoupled, p a r t i a l l y  coupled, or  coupled s teady-state  ab la t ion  sur- 
face boundary conditions.  
design procedure, t h e  EST4 program providing t h e  surface thermochemical boundary 
condition and the BLIMPC program providing co r re l a t ions  of heat- and m a s s -  
t r ans fe r  coef f ic ien ts .  

The BLIMPC program i s  operated independently t o  provide 

T h e  CMAC program serves  as the  bas i c  heat s h i e l d  

During the  present  study, these  programs w e r e  modified as follows: 

1) The CMA p r o c ~ r a m ~ - ~  w a s  extended t o  permit coking in-depth and t o  
accept an improved t r a n s f e r  c a e f f i c i e n t  formulation i n  the sur -  
face energy balance. 

The EST3 p r ~ g r a m ~ - ~  w a s  extended to include an assigned tempera- 
ture sur face  equilibrium option and t h e  punched card output 
format w a s  changed t o  accommodate t h e  new t ransfer -coef f ic ien t  
model. 

2) 



3) The BLIMP program A-58A-6 was modified to permit use of the axi- 
symmetric analogy for approximating the three-dimensional 
boundary layer equations. 

In this appendix, the capabilities of the new versions of these codes (CMAC, 
~sT4, and BLIMPC) are briefly summarized, and the modifications performed under 
the present study are described. 
these and other recent modifications and republished as References A-7 through 

User's manuals have been updated to include 

A-9 a 

A.2 CHARRING MATERIAL ABLATION WITH COKING (CMAC) PROGRAM 

A.2.1 Description of Basic Program 

The CMAC program predicts the temperature and density histories of a 
charring or noncharring material exposed to a hyperthermal environment which 
supplies heat and which may chemically erode the material surface. 
retical analysis, finite-difference solution procedure, and characteristics of 
the.basic program (prior to the current modifications) are presented in detail 
in Reference A-10. A user's manual including the current modifications is 
available as Reference A-7. 

. 
The theo- 

Heat and mass transfer within the charring.ablator is considered to be 
one-dimensional, but the thermal streamtubes are allowed to have arbitrary 
cross-sectional area. Tfie complex phenomena associated with the decomposition 

represented -by the conventional "simple physics" model 
'of the virgin material into a char and a pyrolysis gas are considered to be 

virgin plastic * char + pyrolysis gas 

The virgin material is permitted to decompose while considering parallel 
Arrhenius type rate laws for three different constituents. 
which form are considered to be in thermal equilibrium with the char. The 
program has been extended under the current effort to permit coking of the 
pyrolysis gas to deposit carbon an the char. The coking model which is 
employed is discussed in Section 5 . 2  of this report; the specific program 
changes are summarized in Section A.2.2. 

The pyrolysis gases 

The CMAC program permits up to eight different backup materials of arbi- 
The back wall of the composite material may transfer energy trary thicknesses. 

by convection and radiation or may be insulated. 
ablating surface boundary condition when CMAC is operated as a main program: 

Three options exist for the 
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Option 1 - Transfer-coeff ic ient  model €or convection-radiation 
hea t ing  with coupled heat  and mass transfei:  con- 
s ide r ing  de ta i l ed  surface chemistry events. 

Option 2 - Speci f ied  sur face  temperature and sur face  recession 
rate 

Option 3 - Specif ied rad ia t ion 'v iew f a c t o r  and inc ident  r ad ia t ion  
f l u x ,  as functions of t i m e ,  f o r  a s t a t iona ry  surface.  

Any combination of these opt ions may be used f o r  a s ing le  computation. 
1 is used when it is des i red  to  predict ab la t ion  rates and sur face  temperatures 
as w e l l  as in-depth response. This option u t i l i z e s  tabular  d a t a  supplied by 
the  EST4 program (see Section A.3) and i s  discussed l a t e r  i n  t h i s  sect ion.  
Option 2 is useful  f o r  evaluat ing in-depth thermocouple data. Option 3 is 
appropriate  t o  cooldown a f t e r  termination of convective hea t  input  and i s  o f t en  
useful  i n  conjunction with Options 1 and 2. During the  present  e f f o r t ,  t h e  
t ransfer -coef f ic ien t  approach used i n  Option 1 has been modified. The basis 
f o r  these  changes is discussed i n  Section 3 . 3  of t h i s  report ;  t h e  s p e c i f i c  pro- 
gram changes a r e  summarized i n  Sect ion A.2.2 .  

Option 

'Material proper t ies  such as thermal conductivity,  s p e c i f i c  heat ,  and 
emissivi ty  are input  as functions of temperature f o r  v i rg in  p l a s t i c  and char.  
For p a r t i a l l y  decomposed or coked mater ia l s ,  t h e  program performs an appro- 
p r i a t e  averaging t o  determine e f f e c t i v e  material propert ies .  

The CMAC/ESTQ approach provides an economical means f o r  obtaining 
t r a n s i e n t  charr ing ab la t ion  predic t ions  w h i l e  considering detailed sur face  
thermochemical events. The CMAC and EST4 programs are mechanically decoupled, 
punched card output from EST4 being used a s  inpu t  t o  the  CMAC program (see 
Section A . 3 ) .  However, t he  f i n a l  r e s u l t  can be e f f e c t i v e l y  a coupled so lu t ion  
i'f appropriate  s t eps  are taken as discussed below. The EST4 data provides the  
surface m a s s  balance and surface equilibrium cons t ra in ts  wh i l e  t h e  CMAC program 
provides the  pyrolysis  gas  rate and conduction t e r m  and solves  the  sur face  
energy balance. 
of nonablating heat- t ransfer  coe f f i c i en t s  and heat: and mass-transfer blowing- 
reduction r e l a t ionsh ips  supplied by t h e  user .  The degree t o  which t h i s  repre- 
sen ts  a coupled procedure depends upon t h e  gene ra l i t y  and accuracy of t he  

t r ans fe r  coe f f i c i en t  co r re l a t ions  employed. 
present  r epor t ,  co r re l a t ions  a r e  developed which are accurate over the e n t i r e  
an t ic ipa ted  range of Apollo f l i g h t  conditions,  char removal rates and pyro lys i s  
gas rates. These are then used as input t o  t h e  CMAC program i n  a series of 
f l i g h t  predict ions presented i n  Section 6, 

The sur face  heating boundary condition is expressed i n  t e r m s  

I n  Sections 3 . 2  and 3 . 3  of t h e  
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An implicit finite difference solution procedure is employed in the CMA 
program. The principles of differencing and nodal sizing which are employed 
are summarized below. Further details regarding these considerations can be 
found in References A-2 and A-LO. 

The nodes have a fixed size. 

Nodes are dropped from the back (nonablating) face of the material. 

The difference forms of derivatives are kept simple and are formed 
so as to provide a direct physical analog of the differential event 
leading to the derivative. 

The difference equation for energy is formulated in such a way that 
it reduces to, the difference equation for mass conservation when 
temperature and enthalpies are uniform. 

The difference energy equations are written to be "implicit" in 
temperature. 

In contrast to Point 51, the decomposition and coking relations 
are written as "explicit" in temperature. 

Mass balance operations are performed in a different, tighter net- 
.work than that used for the energy balance equations. 

The storage requirements for the CMAC program depend strongly upon the 
coupling mode in use. 
energy balance (Option 1) involves considerable table storage; hence the pro- 
gram barely fits a 32,000-word machine with full table sizes adequate to treat 
a wide variety of problems. With use of Option 2 or Option 3 ,  the need for 
storing extensive bgundary condition tables is eliminated. In these cases, 
the CMAC program requires less than 8,000 words of storage. 

Coupling to a film coefficient model for the surface 

Option 2 has been used extensively without difficulty in the evaluation 
of material thermal properties models from in-depth thermocouple data. A 

study of the Apollo material thermal properties model is reported in Section 
5.4 of this report. 

The coupled computation procedure constituted by CMA (Option 1) and EST 
has been applied to a wide variety of materials of technical interest. The 
approach is fully checked out and operational for the physical and chemical 
models currently employed. Computation time depends, of course, on the problem 
being computed, but experience to date indicates that CMA computations run 
roughly two to three times faster than real time for "typical" charring material 
problems for machines of the Univac 1108 speed class. Predictions generated for 
recent Apollo superorbital reentry missions are compared to measured data in 
Section 6 of this report. 
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A . 2 . 2  Summary of CMAC Program Modifications 

a. In-Depth Coking Model 

The implementation of t h e  coking model, described i n  Section 5 .2  of 
t h i s  r e p o r t ,  i n t o  t h e  ex i s t ing  CMA code had four  tasks :  

." 

and h (T,p) funct ions 
9 

1, The provision of input of t h e  K (T,p) 

2. 

.3. 

The add i t ion  of t h e  coking dens i ty  change rate equation 

The incorporat ion of t h e  appropriate  change t o  t h e  in-depth 
energy equation when coking i s  occurring 

4.  The add i t ion  of provisions for input  and use of coked zone proper t ies .  

These changes, summarized below, are described i n  detai l  i n  Reference A-7. 

." 
Input  of KC (T,p) and hg(T,pb 

These two funct ions are input  as simple t a b l e s  of KC a n d .  h va lues  

9 
5 

9 
as a func t ion  of discrete temperatures a t  a number o f ' d i sc re2e  pressures.  

Coking Density Change Rate Calculation 

The input  
." 

function, when chosen t o  match'core coking da ta  as Kc9 
r e l a t e d  t o  local temperatures, does not a l l o w  coking t o  begin u n t i l  1250OK. 

only occurs i n  "mature char" pa r t s  of t h e  material. 
. This temperature is s u f f i c i e n t l y  high t h a t  coking f o r  a l l  p r a c t i c a l  purposes 

The coking ca l cu la t ion  begins with the  usual  pyrolysis  ca lcu la t ion ,  
which develops a t o t a l  fi evolved by pyrolysis  throughout t h e  material. The 
coking m a s s  t r ans fe r  ca lcu la t ions  follow, beginning a t  the  deepest char node 
and proceeding toward t h e  heated surface.  
the cu r ren t  boundary-layer pressure f o r  each nodal temperature i n  turn ,  and any 
coking or erosion i s  computed. 
moval of carbon from t h e  gas and from the  char matrix. 

g 

is evaluated a t  % The funct ion 

Sui tab le  checks are incorporated f o r  t o t a l  re- 

Energy Events 

As discussed i n  Section 5.2 of t h i s  r epor t ,  t h e  only change here sub- 

s t i t u t e s  hc* f o r  'iT i n  nodes where coking i s  occurring. 

Coking Zone Proper t ies  

I n  t h e  coking zone, the  char proper t ies  are considered t o  be funct ions 
New input  tables',  s i m i l a r  t o  t h e  proper t ies  of both dens i ty  and temperature. 

t ab l e s  used for o ther  materials i n  CMA, give t h e  temperature dependence of t h e  
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thermal conductivi  for a sequence of dens i t i e s .  The s p e c i f i c  h e a t . i s  com- 
puted as a simple mass weighted average of t h e  s p e c i f i c  hea ts  of s i l ica  and 
carbonr which are in t e rp re t ed  f r o m  t h e  char s p e c i f i c  heat  and a spec ia l  t a b l e  
of carbon s p e c i f i c  heat .  

In te rac t ion  with Surface Thermochemistry T a b l e s  

As noted i n  Sect ion 5 . 2  of t h i s  repor t ,  t h e  implementation of t h e  coking 
model has necess i ta ted  a change i n  sur face  thermochemistry parameters f r o m  the  
P, B' ,  Bi used i n  CMA t o  P, B', and Tw . This makes it more convenient t o  
use T, as t h e  independent va r i ab le  i n  the  sur face  energy balance i t e r a t i o n s ,  
requir ing minor changes i n  t h i s  por t ion  of t h e  code logic.  The surface reces- 
s ion  2; is computed as  BA/p,* where 

4 g 

is t h e  local dens i ty  of carbon. 
0: 

b. New Transfer-Coefficient Model 

P r io r  t o  t h e  present s tudy,  t he  CMA program obtained d i f fus ive  hea t  
and m a s s  f luxes  i n  t h e  following manner: 

1, The peUeC;Io w a s  obtained by any ava i l ab le  means. 

2. The peUeCH (defined impl i c i t l y  by Eq. (21)  of t h i s  repor t )  was 
i n  obtained from 

t h e  form of Eq. (26) of t h i s  report with the  value of A input  by 
the user.  

peUeCio and a blowing cor rec t ion  f o r  C /C' 
Ho 

3. The peUeCM w a s  obtained'from peUeCi and .  L e  i n  accordance with 

The r e s u l t s  of the present  s tudy ' ind ica t e  t h e  following approach i s  preferable:  

is obtained from a nonablating BLIMPC solution. 
The peuecio 

2. The peUeC& (EQ. (23) of t h i s  r epor t )  is  obtained from p U C' e e Ho 
and a blowing cor rec t ion  f o r  C'/C'  i n  t he  form of Eq. (30)  

with AH given by Eq. (31). 

The p,U,CM i s  obtained from peUeC;I, .and a blowing cor rec t ion  f o r  

C /C' i n  t h e  form of Eq. (26) with AM given by Eq. (29 ) .  

Ho 

3. 

Ho 
These changes have been made i n  the  CMAC coding and are described i n  de ta i l  i n  
'Reference A-7, together  with o the r  modifications required t o  permit considera- 
tion of coking (see Section A.2.2.a). 

A-6 



. 3  ~ ~ U I L I ~ R I ~  SURFACE T H E ~ ~ ~ E ~ ~ S T R Y  PRO 

A.3,l Description of B a s i c  Program 

The EST4 code solves Bor equilibrium chemical composition f o r  a v a r i e t y  
of open or closed systems of a r b i t r a r y  chemical composition. The EST program 
is a streamlined and simp-lified vers ion  of the propr ie ta ry  Aerotherm Chemical 
Equilibrium (ACE) program. A-11 
is presented i n  Reference A-12 and summarized i n  t h e  EST4 manual. 

T h e  theory upon which the  EST4 program is  based 
A-8 

The EST4 program has the  following major options: 

1. Evaluation of chemical s t a t e  for assigned pressure,  elemental 
composition of severa l  component mixtures which can be defined 
a r b i t r a r i l y ;  and e i t h e r  enthalpy o r  temperature. 

2. Calculation of surface mass balances t o  determine a r e l a t ion -  
s h i p  between ndrmalized char recession ra te ,  normalized 
pyrolysis  gas rate,  sur face  temperature, and pressure  while 
considering equilibrium between t h e  char and gases adjacent  
to it. 

These options are formulated f o r  completely general  chemical systems. 
Consideration of any molecular, atomic, i on ic ,  or condensed species  requi res  
only the inclusion of t h e  bas ic  thermodynamic d a t a  appropriate  f o r  t h a t  
species.  These data a r e  obtained, f o r  example, from the  JANAF Thermochemical 
Data Tables and include hea t  of formation and curve f i t  constants  fo r  entropy 
and s p e c i f i c  heat. 

The EST4 program uses general  Newton-Raphson i t e r a t i o n  t o  solve t h e  set 
of simultaneous nqnlinear equations governing chemical equilibrium. 
e labora te  convergence damping and rescue procedures have been developed over 
the  period of years with a r e s u l t  t h a t  t he  program i s  very reliable. 
t i o n  procedure is discussed i n  s o m e  d e t a i l  i n  Reference A-12. 

Very 

The solu- 

For m o s t  op t ions ,  a r a the r  complete state o f . t h e  system is  generated 
which includes compositions, thermodynamic proper t ies ,  and property and com- 
pos i t ion  der iva t ives  (avai lable  as a consequence of the  Newton-Raphson so lu t ion  
procedure). The su r face  s t a t e  opt ion provides addi t iona l  information as 
discussed below. 

The sur face  state option of the EST4 program contains a number of f ea tu res  
which make it useful  i n  t h e  ana lys i s  of ab la t ion  data.  I n  t h e  f i r s t  place,  one 
does not  have t o  choose a p r i o r i  t h e  surface species .  F o r  example, i n  t h e  case  
Of t h e  Apollo mater ia l ,  t h e  program w i l l  determine from t h e  surface equilibrium 
re l a t ionsh ips  whether t h e  char sur face  i s  Si02*, C*, .SiC*,  S i*  or Si3N4*. 
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Secondly, it is possible to chemically isolate species or component gas mixtures 
from the system. A third major capability of the EST4 program is that it permits 
consideration of unequal diffusion coefficients as well as unequal heat and 
mass-transfer coefficients through application of an approximation for binary 
diffusion coefficients described in Reference A-13. 

The surface state options of the EST4 program provide char recession 
rate normalized by a mass-transfer coefficient, and other information needed to 
perform an energy balance on the surface of a charring ablation material, as a 
.function'of pyrolysis gas rate normalized by the same mass-transfer coefficient, 
surface temperature, and pressure. 
ablation prediction tool. In the first place, it is necessary to specify the 
mass-transfer coefficient and this cannot be done precisely without solving the 
boundary-layer equations. Secondly, the determination of surface temperature 
requires the solution of a surface energy balance. The recommended procedure 
for'ablation predictions is to generate surface state solutions with.the EST4 
program in the form of punched card output. 
OSAC'program (Option 1) which performs the surface energy balance. 
site transfer coefficients are then obtained from correlations of boundary layer 
solutions obtained with the BLIMPC program described in Section A.4. 
EST4 approach is described further in Section A.2.1 above. 

It thus does not by itself constitute an 

. .  

This is then used as input to the 
The requi- 

. 

The CMAC/ 

The EST program has-been used extensively in all of its options for a 
wide variety of problems and is thoroughly checked out. 
milliseconds per chemistry iteration depending upon the size of the chemical 
system under 'consideration, and usually c0nverges.i.n 5 to 15 iterations. 

It takes 10 to 60 

A.3.2 Summary of EST4 Program Modifications . 

a. Changes to Accommodate the CMAC In-Depth Coking Model 

In order to accommodate the new CMAC in-depth coking model (see 
Section 5 . 2  of this report), the EST3 pr~gram~-~ was extended to include an 
option to compute surface equilibrium with assigned temperature (in lieu of 
assigned 3;). This change was necessary to create surface thermochemistry 
tables for use with CMAC since the chemical composition of the pyrolysis gas 
must be tailored as a function of P and Tw to harmonize with the ic (P,Tw) 
function used in the coking calculations. 
EST4 user's manual. 

9 This new option is described in the 
A-8 
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b. Changes to Accommodate the New C Transfez-Coefficient Model 

The requirement for wall-gas molecular weight, not needed with 
the old CMA approach, necessitated a change in the EST4 punched-card data. 
The Q is now provided in the place formerly used to supply information for 
the calculation of 
coefficient approach. This minor change is also described in the EST4 user's 
manual. 

peUeCH which is no longer needed with the new transfer- 
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A.4 BOUNDARY LAYER INTEGRALMATRIX PROCEDURE VERSION C (BLIMPC) 

A.4.1 Description of Basic Program 

The BLIMPC program solves the nonsimilar two-dimensional or axisymmetric 
laminar or turbulent boundary layer including transverse curvature effects by a 
novel procedure which is capable in a practical limit of yielding "exact" solu- 
tions for the equations considered. The equations which are solved, the solu- 
tion procedure which is utilized, and the characteristics of the program are 
described in detail in References A-14 and A-15. A comprehensive up-to-date 
user's manual is available as Reference A-9. The program is virtually unchanged 
since the writing of Reference A-15 with regard to the physical and chemical 
models which are considered and the basic solution procedure which is utilized 
with the exception that an option has been added which permits use of the axi- 
symmetric analogy to the three-dimensional boundary-layer equations. 
for this modification is discussed in Section 2 .2  of this report; the specific 
program changes are summarized in Section A.4.2. 

The basis 

The BLIMPC program applies to general, ionized, chemical- systems, con- 
sidering equilibrium with the exception that selected species or component 
mixtures can be considered to be frozen, and rate-controlled surface reactions 
or surface-catalyzed homogeneous reactions can be taken into account. Unequal 
diffusion and thermal diffusion coefficients for each species can be considered 
through the use of convenient approximations for these coefficients described 
in Reference A-13. 
mixture molecular viscosity and conductivity. 

Relations of the Sutherland-Wassiljewa type are used for 

At the wall it is possible to assign temperature and mass fluxes of vari- 
ous component gas mixtures defined by the user, to require the surface to be in 
equilibrium with whatever condensed species is predicted by the program to be 
the surface species, to permit rate-dontrolled surface reactions specified by the 
user, and to perform a steady state energy balance at the wall (in which case 
the boundary layer is completely coupled to the wall response). A candidate 
surface species can be considered to be removed mechanically in the event it 
wants to appear as the surface above a "fail temperature" prescribed by the 
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user (e.gWl t h e  f a i l  temperature for s i l i ca  might be selected as i t s  m e l t  t e m -  
perature).. Such boundary condi t ions as mass add i t ion ,  ab la t ion  material, and 
body shape can be var ied discontinuously around t h e  body, and t h e  type of w a l l  
boundary condi t ion can be altered i n  d i f f e r e n t  regions over t h e  body. 

The BLIMPC program ca lcu la t e s  i t s  own boundary-layer edge condition by 
performing an i s en t rop ic  expansion given s tagnat ion conditions and pressure 
d i s t r i b u t i o n  around t h e  body. An i nc iden t  r ad ia t ion  f l u x  can be taken i n t o  
account when a surface energy balance is considered. This i nc iden t  f lux  is 
considered t o  en te r  i n t o  t h e  surface energy balance without being at tenuated i n  
the  boundary layer .  
l ayer  so lu t ions ,  termed t h e  RABLE code, i s  described i n  Reference A-2.) 

(A procedure f o r  obtaining radiation-coupled boundary 

For turbulen t  f l o w s ,  t h e  time-averaged equations of motion are solved 
u t i l i z i n g  an  eddy v i s c o s i t y  model t o  descr ibe t h e  "Reynolds stress" t e r m ,  p lus  
constant  tu rbulen t  Prandt l  and Schmidt numbers i n  t h e  energy and species  conser- 
va t ion  equations.  
region very near t he  w a l l ,  and to  global  parameters of the  flow i n  t h e  outer  por- 
t i o n  of t h e  boundary layer .  Turbulent t r anspor t  terms .in t h e  equations of motion 
are considered only a f t e r  t h e  t r a n s i t i o n  c r i t e r i o n ,  an input t r a n s i t i o n  Reynolds 
number on momentum th ickness ,  has been satisfied.  

Eddy v i scos i ty  is related t o  a va r i ab le  mixing length i n  the 

The numerical so lu t ion  procedure which is employed, termed an in t eg ra l -  
matrix method, w a s  developed s p e c i f i c a l l y  f o r  t h e  chemically r eac t ing  boundary 
layer  appl icat ion.  The i n t e g r a l  matr ix  approach uses  sp l ine  in t e rpo la t ion  func- 
t i o n s  across t h e  boundary l aye r  and quadrat ic  f i n i t e  differences.  i n  t he  stream- 
w i s e  d i r ec t ion  t o  reduce t h e  nonsimilar boundary-layer equations t o  a lgebra ic  
f o r m .  
weighting funct ions go obta in  a proper set of l i n e a r  and nonlinear a lgebra ic  
equations. These equations a re  solved by general  Newton-Raphson'iteration i n  a 
fu l ly  coupled manner. This approach has proven itself t o  be economical (due t o  
the small number of nodes required t o  achieve e s s e n t i a l l y  exact  s o l u t i o n s ) ,  t o  
converge r ap id ly  and r e l i a b l y  even f o r  highly-blown boundary l aye r s ,  and t o  be 
r ead i ly  extendable to  include new physics ,  new boundary condi t ions,  and t h e  l i ke .  

These equations are then ' in tegra ted  across  t he  boundary l aye r  with s t e p  

The BLIMPC program contains.approximately 5,000 ins t ruc t ions .  The  number 
of nodal po in ts  and t h e  number of elements a r e  t h e  m o s t  c r i t i ca l  dimensioned 
var iab les ,  i n  regard t o  both s torage requirements and computational speed. The 

BLIMPC program is  cu r ren t ly  dimensioned f o r  15 nodal points ,  seven elements plus  
e lec t rons ,  60 species,  and 40  s t r e a m w i s e  s ta t ions .  The BLIMPC program with these  
dimensions requires  overlay on the  Univac 1108. 
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The BLIMPC program takes t w o  t o  three  seconds per i t e r a t i o n  on t h e  Univac 
1108 computer f o r  a 7 node, 5 element, 30 species  problem. The number of itera- 
t i o n s  requi red  d i f f e r s  s u b s t a n t i a l l y  according t o  t h e  seve r i ty  of the  problem 
( the  nonl inear i ty  introduced by t h e  chemistry events)  and t h e  f i r s t  guesses. 
Typically 10 t o  20 i t e r a t i o n s  a r e  required for  s tagnat ion po in t  so lu t ions  
involving complex chemistry s t a r t i n g  with bui l t - in ,  uninspired first guesses, 
while downstream so lu t ions  requi re  2 t o  6 i t e r a t i o n s  depending upon streamwise 
spacing. Thus a so lu t ion  f o r  a s tagnat ion  poin t  p lus  1 2  add i t iona l  s t a t i o n s  
( t h i s  is s u f f i c i e n t  t o  go around m o s t  bodies) would typ ica l ly  r equ i r e  60 t o  80 

. i t e r a t i o n s  corresponding t o  2-1/2 to  3 minutes on t h e  Univac 1108. 

The BLIMPC program has been checked out  for  t h e  Apollo hea t  sh i e ld  
material i n  a l l  of t h e  appl icable  options. Solut ions fo r  t y p i c a l  Apollo condi- 
t i ons  are presented i n  Section 3 of t h i s  report .  Results for very high speed 
reent ry  (eig. ,  50,000 f e e t  per second) are pzesented i n  References A-2 and A-16. 
The BLIMP program has a l s o  been used ex'tensively f o r  the a b l a t i o n  of carbon, 
carbon-phenolic, nylon-phenolic, and t e f l o n  i n  a i r ;  graphi te  i n  a Venusian 
atmosphere ; and di-scontinuous i n j e c t i o n  of exot ic  t r ansp i r an t s  'through a 
graphi te  surface.  Though the  BLIMPC program is  complex and contains  a l a rge  
number of opt ions,  t h e  program input  i s  qu i t e  simple, and t h e  program is very 
reliable f o r  t he  experienced user.  

A.4.2 Summary of BLIMPC-Program Modifications t o  P e r m i t  U s e  of Axisymmetric 

. The changes i n  t h e  BLIMP programAe6 t o  permit use of the  .axisymmetric 

Analogy 

analogy are very simple. 
e n t  ra t io  i (see Eq. (12 )  of t h i s  r epor t )  f o r  use a t  the  s tagnat ion point .  
The s tagnat ion  poin t  pressure grad ien t  parameter Bstag is then computed using 
Eq. (13). Fina l ly ,  t h e  in t eg ra t ion  of the streamwise var iab le  5 and the  w a l l  
stream funct ion fw  i n  t h e  s tagnat ion region (see Appendix C of Reference A-14) 
are changed i n  accordance with the  si behavior of t h e  spreading f ac to r  h2.. I t  
is up to  t h e  user t o  ob ta in  a so lu t ion  t o  the  d i f fe r .en t ia1  equation f o r  t h e  
spreading f a c t o r  (Eq.. (11)) f o r  use with t h i s  option. 

F i r s t ,  provision is  made t o  input  t he  ve loc i ty  gra6i- 
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